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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Prostatacancer är en av de cancersjukdomar som orsakar flest cancerrelaterade dödsfall i 
utvecklade länder. De flesta prostatacancrar tillhör cancertypen acinär prostatacancer, vilken 
utgör över 90% av alla diagnostiserade prostatacancrar. Den näst vanligaste cancertypen i 
prostata är duktal prostatacancer. Duktal prostatacancer beskrevs första gången 1967 och man 
trodde först att det inte var en form av prostatacancer, utan en egen tumörtyp som uppkom i 
vävnaden intill urinröret i prostata. Duktal prostatacancer är en aggressiv typ av 
prostatacancer med sämre prognos än konventionell prostatacancer.  

 

I vårt första arbete beskriver vi hur ofta man med blotta ögat kan identifiera prostatacancer i 
ofixerade prostatektomier, bortopererade prostator, och vilka särdrag de identifierade 
tumörerna uppvisar. I studien visar vi att man i 52% av fallen kunde identifiera förändringar 
konklusiva för cancer och i 24% förändringar misstänkta för cancer. I dessa identifierade 
områden bekräftades cancer mikroskopiskt i 94% respektive 69% av fallen. Men även i fall 
där man visuellt inte kunde identifiera någon cancer på preparatens snittytor, förelåg 
mikroskopiskt cancer, någonstans på snittytan, i 56% av fallen. Av visuellt konklusivt 
identifierade cancrar var 30% beigea, 30% vita, 16% gula och 24% orangea. Visuellt 
uppskattad tumörstorlek var mindre än den verkliga, mikroskopiskt uppmätta, 
tumörstorleken. Vi visar också att det är svårare att visuellt identifiera tumörer belägna i 
vävnaden kring urinröret (transitionszonen) än tumörer belägna längs prostatas ytterkanter 
(perifera zonen). Tumörer med hög tumörgrad (aggressiva tumörer) identifierades oftare än 
tumörer med låg tumörgrad. Sammanfattningsvis så visade sig förändringar som visuellt 
bedömdes som konklusiva för cancer oftast vara cancer vid mikroskopisk undersökning. 
Dock så förelåg cancer oftast även i de fall där man visuellt inte kunde identifiera någon 
cancer. 

 

Biobankning är en process där man tillvaratar biologisk vävnad för användning i 
forskningsstudier. För många forskningsstudier önskar man tillgång till färsk vävnad, d.v.s. 
vävnad som inte är formalinfixerad. Biobankat vävnadsmaterial omhändertas direkt efter 
operation, fryses ned i flytande kväve och förvaras i -80°C. Detta förfarande gör att 
vävnadens kvalitet förblir hög och möjliggör avancerade studier av tumörcellers arvsmassa. 
Att tillvarata ofixerad tumörvävnad från prostatektomier är problematiskt eftersom det ofta är 
svårt att se var tumörerna är lokaliserade. Därtill så riskerar man att bara identifiera och ta 
prover från större tumörer vilket kan göra att selektionen av tumörer blir skev. Detta skulle 
kunna medföra att det tumörmaterial som ligger till grund för forskningsstudier inte blir 
representativt för prostatacancer i stort. I vår andra studie beskriver vi en ny metod för att 
biobanka en hel skiva prostatavävnad från operationspreparat. Tekniken möjliggör analyser 
av förstadier till cancer men även av fall där flera separata tumörer samtidigt föreligger i 
prostata. En stor fördel med den nya metoden är att man från de tillvaratagna vävnadsbitarna 



också kan snitta fryssnitt som sedan kan användas för att rapportera klinisk information som 
ligger till grund för patienters behandling och prognos. I studien visar vi att biobankat 
vävnadsmaterial håller hög kvalitet, d.v.s. att tumörcellernas arvsmassa huvudsakligen är 
intakt, vilket gör att det kan användas för avancerad molekylärbiologisk forskning. 

 

Immunförsvaret patrullerar ständigt vår kropp och letar efter kroppsegna celler som uppvisar 
tecken på cancerutveckling. Då sådana celler upptäcks blir de eliminerade av 
immunförsvaret. Denna immunövervakning är central för att förebygga cancerutveckling och 
detta exemplifieras väl av att individer med nedsatt immunförsvar löper en förhöjd risk att 
drabbas av vissa cancerformer. Det finns således ett evolutionärt tryck på cancerceller att 
utveckla metoder för att undvika immunövervakningen. Ett sätt för tumörceller att göra detta 
är att öka uttrycket av proteinet PD-L1 på cellytan. Det ökade PD-L1-uttrycket bromsar 
immunförsvaret och tumörcellerna kan därmed undvika eliminering. Under senare tid har den 
nya läkemedelsklassen ”immune check point inhibitors” introducerats. Dessa läkemedel 
”avmaskerar” tumörceller genom att minska PD-L1-molekylens bromsande effekt på 
immunförsvaret, så att tumörcellerna kan elimineras av immunförsvaret. De har visats 
förlänga överlevnaden i flera svåra tumörsjukdomar. För att utreda vilka patienter som kan 
tänkas ha nytta av behandlingen undersöker man immunohistokemiskt uttrycket av PD-L1 på 
tumörceller och/eller i tumörinfiltrerande immunceller. Om PD-L1 uttrycks i riklig mängd 
talar detta för att läkemedlet kan ha effekt. När kroppens celler genomgår celldelning sker 
mängder av små kopieringsfel i arvsmassan. Dessa fel repareras normalt av speciella 
reparationsprotein (MMR-protein) för att undvika utveckling av skadliga mutationer. I 
maligna tumörer kan inaktiverande mutationer i dessa reparationsproteiner uppkomma, vilket 
leder till att tumörerna ackumulerar ett stort antal mutationer i arvsmassan. Detta fenomen 
kallas mikrosatellitinstabilitet. I vårt tredje arbete visar vi att uttryck av PD-L1 i tumörceller 
är ovanligt i både duktal och acinär prostatacancer, 3% respektive 5%. Däremot är PD-L1-
uttryck i tumörinfiltrerande immunceller betydligt vanligare, 29% och 14% i duktal 
respektive acinär prostatacancer. Defekt uttryck av MMR-protein, vilket leder till 
mikrosatellit-instabilitet, noterades endast i 5% av fallen.  

 

Sedan prostatacancervarianten duktal prostatacancer första gången beskrevs har dess 
ursprung och relation till ”vanlig”, acinär, prostatacancer varit föremål för diskussion. Duktal 
prostatacancer förekommer vanligen tillsammans med acinär prostatacancer i blandade 
tumörer och ”ren” duktal prostatacancer är mycket ovanligt. I vår fjärde studie ville vi 
klarlägga den klonala relationen mellan duktala och acinära prostatacancerkomponenter i 
blandade prostatacancrar, d.v.s. utreda huruvida komponenterna har uppkommit ur en 
gemensam ursprungscell eller om de uppkommit oberoende av varandra. Vi identifierade fall 
av blandade prostatacancrar, dissekerade fram duktala och acinära 
prostatacancerkomponenter, extraherade DNA och genomförde genomisk sekvensering. 
Studien visar att det i 12 av 15 undersökta fall förelåg ett gemensamt klonalt ursprung, d.v.s. i 



 

 

majoriteten av undersökta fall representerade de två tumörkomponenterna delar av samma 
tumör. I tre av 15 fall påvisades inget gemensamt klonalt ursprung, i dessa fall är det tänkbart 
att det rör sig om två separata tumörer som vuxit in i varandra. Slutligen visar vi att duktala 
prostatacancrar uppvisar genetiska förändringar som man ofta ser vid höggradig 
prostatacancer, såsom aneuploidi (avvikelser av antalet kromosomer i en cell). 

 

  



ABSTRACT 
Prostate cancer is one of the most common causes of cancer-related death in developed 
countries. Acinar adenocarcinoma is by far the most common subtype of prostate cancer, 
with ductal adenocarcinoma being the second most common subtype.  
Biobanking of prostate cancer tissue is important for basic research, development of new 
biomarkers and a move towards personalized medicine. Various biobanking techniques have 
been described but harvesting of tissue is still often based on macroscopic identification of 
cancer in radical prostatectomy specimens. In the literature, the macroscopic features of 
prostate cancer in unfixed prostatectomy specimens are incompletely described. In our first 
study, we investigated the macroscopic features of identifiable tumors and their zonal 
distribution in 514 radical prostatectomy specimens. Grossly detected findings conclusive for 
cancer were seen in 52% of cases and suspicious for cancer in 24%. Macroscopic findings 
conclusive for cancer predicted microscopic identification of prostate cancer on microscopic 
examination in most cases. Cancers ≥2 mm were present somewhere on the cut surface in the 
majority of cases even when no suspicious or conclusive cancers had been identified 
macroscopically. Tumors in the transition zone of the prostate were more difficult to identify 
macroscopically. In our second study, we report a novel biobanking protocol for harvesting a 
full horizontal slice of unfixed prostate tissue from 20 radical prostatectomy specimens. In 18 
of 20 cases, cancer was found in the biobanked tissue material. The biobanking protocol 
facilitated harvesting of a large slice of prostatic tissue, allowing studies of multifocal tumors 
and tumor heterogeneity. Clinical histopathological parameters could be reported from frozen 
sections of the biobanked material. The morphological quality, using cryogel, and the RNA 
quality, measured by RNA integrity number (RIN), were excellent. 

 

Ductal adenocarcinoma is a high-grade neoplasm with an adverse prognosis compared to 
acinar adenocarcinoma. The definition of ductal adenocarcinoma is based on histological 
features. Ductal adenocarcinoma usually presents in mixed tumors together with acinar 
adenocarcinoma. For a long time, the histogenesis and definition of ductal adenocarcinoma 
has been controversial. Some studies have suggested that acinar and ductal adenocarcinoma 
components may have a common clonal background. Expression of Programmed Death 
Ligand-1 (PD-L1) is a predictive biomarker for a new group of oncological drugs, immune 
checkpoint inhibitors. The frequency of PD-L1 expression in ductal adenocarcinoma is not 
well described. Deficient mismatch repair (dMMR) results in an accumulation of mutations 
in cancer cells. dMMR has been reported to be uncommon in prostate cancer. In our third 
study, we investigated the expression of PD-L1, dMMR and tumor infiltrating immune cells 
in acinar and ductal adenocarcinoma using a tissue microarray (TMA). PD-L1 expression in 
tumor cells was rare but more common in tumor infiltrating immune cells. PD-L1 expression 
was identified in tumor infiltrating immune cells in 29% of ductal adenocarcinomas. dMMR 
was rare, identified in only 5% of cases. There was a statistically significant increase in the 
number of CD8+ lymphocytes in ductal adenocarcinoma compared to acinar 



 

 

adenocarcinoma. In our final study, we investigated the clonal relationship between acinar 
and ductal adenocarcinoma components in mixed prostate cancers. Targeted sequencing was 
performed in 15 cases, followed by bioinformatic processing and manual curation of data. A 
common somatic denominator for both tumor components could be identified in 12 out of 15 
cases indicating a common clonal origin. Increased ploidy, which is associated with advanced 
prostate cancer, was seen in more than half (53%) of ductal adenocarcinomas but not in any 
acinar adenocarcinoma. PTEN and CTNNB1 mutations were common in ductal 
adenocarcinoma (40%) but not seen in any acinar adenocarcinoma. In both acinar and ductal 
adenocarcinomas, ERG gene fusions were detected in 47%. No cases showed microsatellite 
instability or high tumor mutation burden. The genetic signature of ductal adenocarcinoma 
was consistent with its characterization of ductal adenocarcinoma as an aggressive form of 
prostate cancer 
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1 INTRODUCTION 
“All men by nature desire to know” 

¾ Aristotle 

 

1.1 EPIDEMIOLOGY OF PROSTATE CANCER 
Prostate cancer is one of the leading causes of cancer-related death in the developed world 
(1). Prostate cancer is the second most common cancer among men after lung cancer and 
globally accounts for 7% of newly diagnosed cancers in men (2). In Sweden, it is the most 
common form of cancer with approximately 10500 new cases, accounting for approximately 
30% of all cancer cases, and 2300 prostate cancer-related deaths per year (3). The median age 
for diagnosis of prostate cancer in Sweden is 70 years and only 1% of cases are diagnosed in 
men younger than 50 years. The risk for prostate cancer increases with age and more than 
85% of newly diagnosed cancers affect men >60 years of age (3). The incidence of prostate 
cancer increases with human development index (HDI), GDP and high life expectancy. The 
disease is most common in North America, Europe, Australia and New Zeeland (4). A few 
countries with a high HDI, such as Japan and South Korea, have a lower incidence of prostate 
cancer compared to western countries but the incidence in these countries is rising (4). The 
incidence of prostate cancer has increased considerably the last decade due to increased 
serum-prostate-specific antigen (PSA) screening and increased life expectancy (5). Several 
factors affect the risk of developing prostate cancer such as age, race and family history (6). 
There is a strong association between prostate cancer risk and a family history of cancer. To 
determine risk, the number of affected relatives, the degree of relationship and age of disease 
presentation is considered. A man with two first-degree relatives with prostate cancer has 
been shown to have a 3.5-fold increased risk of developing the disease (7). 

 

1.2 SYMPTOMS AND CLINICAL DIAGNOSTICS 

Prostate cancer usually does not give any symptoms in its early stages and most new prostate 
cancers are detected through increased serum-PSA and/or palpable tumors on digital rectal 
examination (8). Serum-PSA is often elevated in prostate cancer, but it can also be elevated in 
other conditions such as prostatitis or prostate hyperplasia (9). Prostate cancer metastasizes 
via lymphogenous spread, initially to the pelvic lymph nodes, and via hematogenous spread, 
primarily to bone (10). Locally advanced or metastatic prostate cancer can present with 
skeletal pain, lower urinary tract symptoms or fatigue (8).The foundation of prostate cancer 
diagnostics is ultrasound guided core needle biopsies of the prostate for histopathological 
examination or more rarely fine needle aspiration cytology. Core needle biopsies are 
traditionally taken in a systematic manner, meaning that biopsies are taken from the entire 
prostate in a grid-like fashion guided by transrectal ultrasound. Recently multiparametric 
magnetic resonance imaging (MRI) has been added to the diagnostic armament to identify 
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and localize prostate cancer. This enables targeted biopsies of prostatic lesions. Targeted 
lesions can be obtained through three different approaches: MRI image fusion with 
transrectal ultrasound using computerized software, percutaneous biopsy during the actual 
MRI investigation and visual review of the MRI followed by prostate biopsy using transrectal 
ultrasound (so called “cognitive biopsy”) (11). Prostate cancer is sometimes diagnosed 
incidentally in transurethral resection of the prostate (TURP) specimens or in patients with 
disseminated disease where the diagnosis of prostate cancer is made on biopsy specimens of 
distant metastases (12). 

 

1.3 MACROSCOPIC FEATURES OF PROSTATE CANCER 

For cancer of most organs, macroscopic features such as color, texture and demarcation are 
well-documented and described in the literature (13,14). In contrast, prostate cancer is often 
anecdotally described as white or tan, vaguely demarcated and difficult to identify 
macroscopically (13–15). Prostate cancers are known to be difficult to identify on 
macroscopic examination and are sometimes not visible, even when the tumors are large. The 
difficulty of identifying tumors on macroscopic examination complicates harvesting of fresh 
tumor tissue. This has led to the recommendation that radical prostatectomy specimen should 
be completely embedded for microscopic examination. 

 

Few studies have addressed the prevalence of grossly identifiable prostate cancers in radical 
prostatectomy specimens. None of these studies contains detailed descriptions of 
macroscopic findings such as the colors or zonal distribution of cancers in unfixed 
prostatectomy specimens (15,16). Renshaw et al. completely sliced 211 unfixed radical 
prostatectomies and noted macroscopically visible tumors. Conclusive tumor foci were 
identified in 41% of cases, while lesions suspicious for cancer were seen in 37%. On 
microscopic examination, tumors were confirmed in 96% of cases with findings conclusive 
for cancer macroscopically and in 64% of cases with findings suspicious for cancer (15). In a 
series of 104 formalin fixed prostatectomy specimens, Hall et al. reported that 72% of Stage 
A and 92% of Stage B tumors were identifiable macroscopically (16). 

 

1.4 HISTOPATHOLOGY 

Most of primary prostatic tumors are adenocarcinomas and they most often arise in the 
peripheral zone of the prostate (17). Acinar adenocarcinoma is the most common subtype of 
prostate cancer accounting for over 90% of cases (18). Acinar adenocarcinoma is 
microscopically characterized by infiltrating small or large glands, cribriform structures, 
glomerulations, solid sheets or strands of tumor or single tumor cells. The classical 
cytological feature of prostate cancer is prominent nucleoli (19,20). Other nuclear features 
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include nuclear enlargement and hyperchromasia (19,20). Mitotic figures are more common 
in high-grade prostate cancer than in benign glands (21). Another feature sometimes seen in 
prostate cancer is the presence of intraluminal crystalloid structures (19). Most carcinomas 
exhibit marked desmoplastic stromal response but prostate cancer, in contrast, often shows 
little or no stromal reaction. When desmoplasia is present, it is usually in high-grade 
carcinoma (22). 

The prostate is anatomically divided into three zones: the peripheral zone (PZ), the transition 
zone (TZ) and the central zone (CZ), Figure 1. Benign prostatic glands are normally lined by 
a two-layered epithelium with apical luminal secretory cells and underlying basal cells. 
Prostate cancer is characterized by loss of the basal cells, but this can be difficult to assess by 
light microscopy of hematoxylin and eosin (HE)-stained sections (23). The presence or 
absence of basal cells can be highlighted by immunohistochemistry (IHC) for p63 or high 
molecular weight cytokeratin. A potential pitfall is that IHC for basal cell markers can also be 
negative or patchy in benign lesions such as adenosis, partial atrophy and HGPIN (24). 

 

Figure 1. Schematic figure illustrating the anatomic zones of the prostate. Peripheral zone 
(PZ), Transition zone (TZ), Central zone (CZ). 

 

1.5 PROSTATE CANCER SUBTYPES 
Histological variants of acinar adenocarcinoma include pseudohyperplastic, foamy, 
atrophic, oncocytic, signet-ring, colloid and lymphoepithelioma-like adenocarcinomas. 
Other non-acinar prostate cancer types include urothelial carcinoma, neuroendocrine 
tumors, basal cell carcinoma, squamous, adenosquamous carcinoma, sarcomatoid 
carcinoma, lymphomas and various forms of mesenchymal neoplasms (18). Several of 
these tumor types are very uncommon and rarely encountered, while ductal 
adenocarcinoma is more commonly seen. Correct identification of prostate cancer subtypes 
is of great importance because they can have a different biological behavior and may be 
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assigned different Gleason scores. This can impact medical patient management and 
clinical outcome (25). 
 

Ductal adenocarcinoma of the prostate is the second most common histological subtype of 
prostatic cancer after acinar cancer. It has been reported to account for 3.2% of all prostate 
cancers although the reported incidence varies widely (13). Most commonly it presents in 
mixed tumors together with acinar prostate cancer, while a pure form is found in only 0.2%-
0.4% of cases (26). Ductal cancer is reported to have an adverse prognosis compared to 
conventional acinar prostate cancer with shorter time to biochemical recurrence and increased 
mortality rate (27,28). Also, an increasing percentage of the ductal component has been 
shown to correlate with an increased risk of extraprostatic extension and seminal vesicle 
invasion (29). Ductal cancer was first described by Melicow and Patcher in 1967. It was 
initially called ”endometroid carcinoma” due to its histopathological similarity to 
endometroid carcinoma of the uterus (30). In the early literature, ductal cancer was thought to 
arise from remnants of a Mullerian duct structure (31) but it was later shown that it was a 
variant of prostate cancer (32). The mean age of patients at the time of diagnosis ranges from 
60-80 years (27,32–35) i.e., somewhat older than patients with acinar cancer (27). 
Periurethral tumors most commonly arise around the mons verumontanum and form 
exophytic tumors in the urethra lumen. Patients sometimes presents with urinary obstructive 
symptoms or gross/microscopic hematuria (34). Ductal cancer can also arise in the PZ (38). 
Some authors have described serum-PSA as elevated while others report that patients with 
ductal cancer present with a lower serum-PSA (34). 

The diagnosis of ductal cancer is based solely on morphological findings. The tumors show 
pseudostratified, columnar tumor cells with abundant cytoplasm. The tumor cells exhibit 
basally located, elongated nuclei with macronucleoli and a clumped chromatin pattern. 
Mitotic figures and luminal necrosis can also be identified (14). Ductal cancer grows in 
several architectural patterns, often varying within the same tumor although one pattern is 
usually predominant (36). The two most common patterns are papillary and cribriform (37). 
Papillary architecture is usually not seen in conventional acinar adenocarcinoma (36). Poorly 
differentiated ductal cancer can grow in solid sheets with central necrosis without glandular 
formation. In the 2005 upgrade of the Gleason grading system, it was decided that ductal 
cancer should be considered Gleason pattern 4. In cases with comedo necrosis Gleason 
pattern 5 is warranted (39). 

 

1.6 STAGING, RISK STRATIFICATION AND PROGNOSIS. 

Prostate cancer is risk stratified into prognostic categories according to the Gleason grading 
system (39). The Gleason score combined with clinical stage gives an estimation of the 
prognosis (40). Clinical staging is a part of the TNM staging system, which describes the 
extent and size of the primary tumor (T), involvement of regional lymph nodes (N) and 
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presence of distant metastases (M). Patients typically presents with an elevated serum-PSA 
and/or a palpable nodule in the prostate on digital rectal examination (8). Core needle 
biopsies are performed to establish a morphological diagnosis. When prostate cancer is 
diagnosed on core needle biopsies, pathological parameters such as Gleason score (tumor 
differentiation), tumor amount, perineural growth, extraprostatic extension and intraductal 
carcinoma are reported (41). Mimics of prostate cancer such as adenosis, sclerosing adenosis, 
basal cell hyperplasia, clear cell cribriform hyperplasia, mucinous metaplasia and variants of 
atrophy are well described and can constitute a challenge in clinical practice (42).  

 

It has long been known that prostate cancer is very common and that most affected men do 
not have any symptoms of the disease. In a study by Franks in 1954, prostates were removed 
from 220 males at autopsy (43). In all cases death had been sudden or unexpected and the 
patients had no history of prostate cancer. The prostates were fully embedded and prostate 
cancer was microscopically diagnosed in 69 cases. Of men in the sixth and seventh decades 
of their life about a third of had prostate cancer, in the eighth decade nearly half, in the ninth 
more than three quarters and in the tenth all had cancer. Approximately 80% of patients are 
diagnosed with organ-confined disease, 15% with regional metastases and 5% with distant 
metastases (44). Patients who are diagnosed with a late-stage, distant metastatic, disease have 
a markedly worse prognosis with an overall five-year survival of 30% (44). With 13 years 
follow up of clinically localized prostate cancer, prostate cancer specific mortality has been 
reported to be 13%. Patients who had received surgical treatment showed better survival (45). 
Early detection of tumors, before they have reached an advanced stage, as well as improved 
treatment algorithms for deciding which patients should receive radical treatment, is of great 
importance for improving patient survival and reducing overtreatment. 

 

1.7 TREATMENT 

Patients with localized prostate cancer, without evidence of distant metastases, can be 
managed according to three different approaches: expectant management, radical 
prostatectomy or radiotherapy (46). For patients with limited life expectancy and/or cancers 
with low Gleason score expectant management may be preferred. Expectant management 
avoids the risks of complications that are related to curative strategies while ensuring that the 
risk for prostate cancer specific death remains low (46). Expectant management includes 
watchful waiting and active surveillance. In watchful waiting patients are followed and 
clinical symptoms are managed if they arise during the course of the disease. Active 
surveillance is a more active approach that aims to monitor the disease and treat patients who 
develop significant cancer. Active surveillance includes regular PSA testing, clinical 
examination, repeated prostate biopsy investigations, or a combination of these (47). 
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In intermediate and high-risk cancers, where active treatment is judged to be beneficial for 
the patient, radical prostatectomy or internal/external radiotherapy can be performed (48). 
Both surgery and radiotherapy can be complicated by side effects that lower the quality of 
life, such as erectile dysfunction and urine leakage (49). Androgen deprivation therapy alone 
or in combination with chemotherapy or other drugs inhibiting the synthesis of or the 
receptors for androgens is usually used in metastatic, castration-sensitive prostate cancer (50). 
However, most patients with advanced prostate cancer will in the end develop resistance to 
hormonal treatment, metastatic castration-resistant prostate cancer (mCRPC), making it 
important to develop new treatment strategies. The rapidly increasing understanding of the 
biology and genetics of cancer has led to the insight that cancer can be divided into different 
molecular subgroups. This deepened understanding has awakened the hope that we are 
entering an era of personalized cancer treatment, where the treatment of each patient will be 
guided by tumor specific genetic characteristics rather than merely by its tissue of origin or 
anatomical location. Especially in prostate cancer, where many tumors are relatively indolent, 
there is a great need to develop better predictive tools to select which patients will benefit 
from radical treatment. Currently, patients with low-risk tumors may be overtreated with 
accompanying risk of complications following radiation therapy or operation. Prostate cancer 
risk stratification and treatment is still based on the traditional parameters serum-PSA, tumor 
grade and tumor stage. Based on this, patients are stratified into low, intermediate and high 
risk groups to predict the risk of biochemical recurrence (48). At present, specific genetic 
characteristics of individual tumors are not analyzed in clinical routine practice. Active 
surveillance is an option for patients with a low risk disease but there is a need to develop 
new prognostic markers to better determine which patients may develop aggressive disease 
(51). This is important for avoiding overtreatment while still treating all patients with 
aggressive disease.  

 

In patients with mCRPC, where the prognosis is dismal, there is a movement towards a more 
personalized treatment approach (52). Currently, studies investigating treatment with PARP 
(Poly (ADP-ribose) polymerase)-inhibitors for mCRPC with BRCA mutations are ongoing 
(53,54). Due to the milder side effects and promising results in other cancer forms, treatment 
with immune checkpoint inhibitors has gained attention in treatment of prostate cancer and 
several clinical trials are ongoing with special focus on mCRPC exhibiting microsatellite 
instability (MSI) and deficient DNA mismatch repair (dMMR) (55). The introduction of new 
oncological treatments in the mCRPC patient group will require pathology laboratories to 
perform molecular analyses on tumor samples to determine which patients are suitable for 
treatment. During the last decade, several tumor types, such as breast and lung cancer, have 
moved towards establishing prognostic and predictive biomarker panels, something that has 
still not happened for prostate cancer. To develop a more tailored approach to patient 
management and pharmaceutical interventions, new predictive and prognostic biomarkers 
need to be developed and validated. In order to develop new biomarkers and oncological 
drugs for prostate cancer, ample access to biobanked prostate cancer tissue of high quality is 
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essential. Harvesting of prostate cancer tissue for biobanking purposes is usually performed 
by pathologists from radical prostatectomy specimens. It is of great importance that the 
biobanking is performed in a way that enables comprehensive studies of prostate cancer 
without jeopardizing the histopathological diagnosis. 

 

1.8 BIOBANKING OF PROSTATE CANCER 

Collecting biological tissue and/or fluids in biobanks constitutes a cornerstone in facilitating 
the development of precision medicine. Access to biobanked material is crucial for research 
in basic tumor biology as well as in the development of new oncological drugs and 
prognostic/predictive biomarkers. It has been reported that harvesting of fresh tumor tissue 
from radical prostatectomy specimens for research is performed in 55.4% of academic 
institutions and 7.2% of non-academic laboratories in Europe (56). Even though novel 
molecular techniques have been introduced that enable analysis of formalin-fixed paraffin-
embedded tissues, biobanked frozen tumor tissue is still often preferred. In most organs, 
biobanking of tumor tissue and normal tissue is based on visual inspection of operation 
specimens. However, since prostate cancer is more heterogeneous and multifocal than tumors 
of other organs, visual identification of cancer in prostatectomy specimens is challenging. 

 

In the literature, various techniques for harvesting of fresh tumor tissue from prostatectomy 
specimens are described (57). A few protocols describe biobanking through multiple punch 
biopsies from sliced prostatectomy specimens (58–61). This technique preserves the surgical 
margins but has several drawbacks. Punch biopsies only contain limited amounts of tumor 
and identifying where the punch biopsies have been taken requires multi-colored ink 
labelling. Other biobanking protocols includes the removal of the central regions of 
prostatectomy specimens (62,63). This approach leaves the peripheral tissues and the surgical 
margin of the prostate untouched but may lead to insufficient sampling of the PZ, the region 
where most prostate cancers are located. Many biobanking protocols are based on 
macroscopic identification of cancer and benign tissue in radical prostatectomy specimens 
(64–66). A significant disadvantage of this approach is that identifying prostate cancer 
visually can be challenging or impossible, as prostate cancer is notoriously difficult to see 
with the naked eye (15). Because of earlier detection, there has been a stage shift towards 
smaller tumors at diagnosis (67). This trend has increased the number of cases in which the 
tumors are difficult, if not impossible, to identify grossly. Since the largest and most 
advanced tumors are most easily identified this technique also introduces a sampling bias. 

 

A cytology-based technique for sampling cells from prostatectomy specimens has earlier 
been reported by our group (68). With this technique a scalpel blade is used to scrape cells 
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from the cut surfaces of macroscopically visible cancer and presumably benign regions of the 
prostatectomy specimen. A cytological smear is produced, stained, and used for 
morphological investigation. Harvesting locations are noted on a specimen map for 
correlation with histopathological slides. The specimen’s resection margins are not 
compromised, but an experienced cytologist is required for interpreting the cytological 
smears and the cell yield is limited. Tumor tissue can also be sampled by core needle biopsies 
from the outside of prostatectomy specimens (69). Using this technique, the capsular plane 
and the surgical margins of the specimen remain intact. However, it is often very difficult to 
identify cancers by palpation of the prostatectomy specimen. This, together with the fact that 
core needle biopsies yield limited amounts of tissue, makes it very difficult to harvest 
substantial amounts of representative tumor material using this technique. Other biobanking 
methods retrieve one or several full slices from radical prostatectomy specimens. In a method 
described by Bertilsson et al., a complete transversal slice is harvested, using a double-bladed 
knife, and snap-frozen without being cut into smaller pieces (70). Jhavar et al. reports a 
protocol where the entire prostatectomy specimen is sliced fresh and a single slice harvested 
for research (71). Dev et al. suggested that the entire prostatectomy specimen be sliced fresh. 
Every second transverse slice is divided in four segments, coated in OCT gel, and snap-
frozen (72). The advantage of harvesting a complete transverse slice of prostatic tissue is that 
it facilitates the identification and microdissection of cancer as well as other tissue 
components, such as tumor-associated stroma and precursor lesions. The disadvantage of the 
technique is that it removes a large part of the prostate from histopathological specimen and it 
can cause deformation of the prostate. The downside of snap-freezing a full transversal 
prostate tissue slice without dividing it into smaller pieces is that the full tissue slice will need 
to be thawed every time that new sections are taken for research. This recurring thawing may 
jeopardize the RNA integrity of the tissue. 

 

1.9 PROGRAMMED DEATH LIGAND-1 

Programmed Cell Death Protein-1 (PD-1), a T cell regulator, is expressed on the surface of 
activated T cells, pro-B cells or macrophages and regulates the immune system by acting as 
an immune checkpoint. This is done by inducing apoptosis in antigen-specific T cells and 
reducing apoptosis in regulatory T cells. This immunoregulatory function is important in 
reducing the risk of autoimmunity (73). Programmed Death-Ligand-1 (PD-L1), the ligand of 
PD1, is expressed on tumor cells, macrophages and T cells (74). The interaction between 
PD1 and PD-L1 reduces the immunological response. PD-L1 has been shown to be 
overexpressed in several cancer types. The PD-L1 - PD1 interaction is thought to be a way 
for cancer cells to escape immune surveillance, also known as cancer immune evasion (75). 
The expression of PD-L1 in tumor or immune cells in cancer specimens has been shown to 
correlate with treatment response to anti-PD1 or anti-PD-L1 treatment in many advanced 
tumors (76). Immune checkpoint inhibitors, drugs that inhibit PD1 or PD-L1, aim at exposing 
tumor cells to the antitumoral effects of the immune system by inhibiting the PD-L1-PD1 
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interaction. Several immune checkpoint inhibitor drugs are now U.S. Food and Drug 
Administration (FDA) approved for use in various cancer types. In 2017 FDA gave 
accelerated approval of anti-PD-1 cancer treatment (pembrolizumab) of cancers with MSI or 
dMMR, regardless of the tumor’s original location (77). It can be presumed that this decision 
will make testing for MSI and dMMR in pathology laboratories more common in the future. 

 

Many studies have analyzed the PD-L1 expression in prostate cancer by IHC (78–84). A 
major problem with these studies is that many different PD-L1 antibodies have been used, 
some of them research antibodies and others FDA-approved antibody clones available as 
prepackaged kits. Different staining platforms and immunostaining protocols have been used 
for different antibody clones. Adding to the difficulty of comparing PD-L1 expression in 
different studies, the scoring systems and cut offs for a positive PD-L1 test also differ 
depending on antibody clone. The wide range of reported PD-L1 expression in prostate 
cancer can probably to a large part be attributed to different IHC protocols and interpretation 
approaches (85). In initial reports of PD-L1 expression in prostate cancer, the results varied 
widely. In some studies, most tumor cells were shown to express PD-L1. Gevensleben et al. 
reported high PD-L1 expression in 61.7% of cases in a cohort of 611 prostate cancers (78). In 
another study of 535 radical prostatectomy specimens, PD-L1 staining in tumor cells was 
seen in 92% of cases (79). Massari et al. immunohistochemically investigated tumor material 
from 16 patients with castration-resistant prostate cancer and reported PD-L1 expression in 
50% of cases (80). Other studies have shown distinctly lower PD-L1 expression in prostate 
cancer. Martin et al. showed focal areas of PD-L1 positivity (defined as 5% membrane 
staining) in cancer cells in 10% of prostatectomy specimens (81). Baas et al. investigated PD-
L1 expression in tissue samples from prostatectomy or biopsy specimens of 25 men with 
high-grade prostate cancer. PD-L1 scoring of both cancer cells and inflammatory cells 
showed high expression in only two of 25 cases (82). 

 

In three recently published papers, immunohistochemical testing for PD-L1 in prostate cancer 
has been performed using the validated antibody clone Ventana SP263, which is the 
complementary predictive test for the PD1 inhibitor pembrolizumab. In one study, PD-L1 
IHC (antibody clone SP263) was performed on a TMA with 82 castration-resistant prostate 
cancer specimens and 96 localized prostate cancers. Only 3.7% of castration-resistant prostate 
cancer specimens were positive in tumor cells while 14.6% showed PD-L1 expression in 
tumor infiltrating immune cells. All localized prostate cancers were negative (83). In another 
study, tumor material from patients who had undergone radical prostatectomy after neo-
abiraterone acetate plus prednisone and leuprolide (Neo-AAPL) treatment and 44 matched 
controls, were stained for PD-L1 (antibody clone SP263). Neo-AAPL–treated tumors showed 
less PD-L1 than matched controls (7% and 21%, respectively). Loss of MSH2 expression 
was observed in one of the 21 PD-L1-positive tumors (86). PD-L1 protein expression has 
also been investigated (antibody clone SP263) in a cohort of 539 primary prostate cancers, 
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prostate cancer metastases and castration-resistant prostate cancers (84). In primary prostate 
cancer PD-L1 staining was seen in 7.7% of cases. Interestingly, PD-L1 expression was much 
higher in prostatic small cell carcinoma (42.9%) and castration-resistant prostate cancer 
(31.6%). 

 

1.10 PROSTATE CANCER GENETICS 
The understanding of cancer biology has been revolutionized during the last few decades by 
the understanding that cancer is a genetic disease with abnormal and uninhibited growth of 
a clonal cell line (87). Rapid technological development in the fields of genetics and 
genomics has allowed us to study the stepwise development of cancer, key mechanisms that 
allow cancer to metastasize and invade surrounding tissues and how they evade and become 
resistant to therapeutic interventions. These techniques have also shed light on the 
heterogeneity of malignant tumors and has led to reconsiderations of the histogenesis, the 
tissue/cell of origin, of various tumors (88). The development of prostate cancer is related 
to the accumulation of genetic alterations in the luminal cells of prostatic glands during the 
patient´s life. Prostate cancer is considered to have a limited mutation burden and most 
genetic changes are copy number variations and structural gene rearrangements (89). In 
localized prostate cancer, TMPRSS2-ERG gene fusions are detected in almost 50% of cases 
(90). This fusion can occur through deletions on chromosome 21 or through a translocation 
and results in overexpression of ERG, a transcription factor (91). The TMPRSS2 gene is 
regulated by androgens. Many studies have evaluated if TMPRRSS2-ERG gene fusion 
influence patient prognosis and some have reported it to be associated with shorter survival 
(92,93). Whole-genome sequencing has shown loss-of-function mutations in SPOP in 11% 
and gain-of-function of FOXA1 in 3% of cases (94). In patients with localized disease, it 
has been difficult to differentiate low-risk cancers from high-risk cancers based on specific 
genetic abnormalities. Metastatic prostate cancer includes castration-sensitive prostate 
cancer (mCSPR) and metastatic castration-resistant prostate cancer (mCRPC). In mCRPC 
copy number variation and defects in DNA damage repair genes are more often seen 
resulting in a higher tumor mutation burden than in localized prostate cancer (4). mCRPC 
often show amplification of regulators of AR transcription or amplification of AR (95). In 
mCRPC, gain-of-function mutations of CTNNB1 has been reported in 4% of cases and 
TP53 and RB1 alterations in 50% and 21%, respectively (96). 

 

The genetic profile of ductal adenocarcinoma is not fully characterized. It has been reported 
that copy number alteration levels are similar to those seen in high-grade prostate cancer 
(Gleason score 8-9) but lower than in metastatic prostate cancer (97). An increased number of 
mutations in DNA damage repair genes has been reported in ductal cancer compared to 
acinar cancer (98). TMPRSS2-ERG gene fusions have been reported to be less common in 
ductal cancer than in acinar cancer (98–100). In a recent study by Schweitzer et al., using 
targeted next-generation DNA sequencing, 4 out of 10 (40%) patients with ductal cancer 
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showed signs of MSI-H. This is a small and preliminary study, but the authors suggested that 
MSI may be more common in ductal cancer than in acinar prostate cancer (101). The 
presence and characteristics of MSI in ductal prostate cancer is not yet well described in 
larger studies. 

 

Every time a cell divides, approximately 100,000 polymerase errors occur. These are 
normally corrected through proofreading by polymerase enzymes (102). Still, some errors 
escape proofreading, and these are normally corrected through the mismatch repair (MMR) 
system. Tumors with defects in the mismatch repair system will develop numerous 
frameshift mutations in coding and non-coding microsatellites and at other genetic loci 
beyond the microsatellites, so called hypermutability (103). This is also known as the 
microsatellite instability-high (MSI-H) phenotype, and it is closely related to the 
carcinogenesis of hereditary and sporadic tumors (103). Malignant tumors with MSI occur 
as sporadic cancer in acquired (somatic) MSI and as hereditary cancer in patients with a 
germline mutation in one of the MMR genes. Deficient DNA mismatch repair (dMMR) 
secondary to germline mutation (Lynch Syndrome) results from mutational inactivation of 
both alleles of one or more of the genes involved in the MMR system (103). Epigenetic 
inactivation of MMR genes is more common in sporadic tumors with MSI (104). The 
epigenetic inactivation of MMR genes in sporadic MSI is usually caused by epigenetic 
inactivation of the MLH1 promoter (105). The numerous frameshift mutations in coding 
sequences seen in MSI gives rise to the production of abnormal proteins in the 
tumor, ”neoantigens” (106). Neoantigens can be recognized as ”non-self” molecules by the 
immune system through expression of neoantigens on cell surface HLA-complexes 
interacting with antigen-specific T cells (107). This leads to an anti-tumoral immune 
response through the infiltration of activated neoantigen-specific cytotoxic and T helper 
cells (108). 

 

The genetic instability of MSI can be detected by using PCR to compare the length of 
nucleotide repeats in tumor cells and cells from normal tissue (103). Immunohistochemical 
analysis of four MMR proteins (MLH1, MSH2, MSH6 and PMS2) is often used as an 
alternative to PCR-based MSI-detection methods to detect MMR deficiency in a routine 
clinical setting (109). IHC for MMR proteins has a performance similar to MSI testing with 
a concordance rate of 100% specificity in MSI-H tumors (110). Deficient expression of one 
or more of MMR proteins on IHC indicates dMMR. IHC measures the protein expression 
which allows identification of which MMR genes are likely mutated, but it can also identify 
inactivation through hypermethylation. This is an advantage of IHC to PCR-based MSI 
testing which only detects DNA mutations. However, in around 5% to 11% of MSI cases, 
IHC will not show loss of MMR proteins. This is because missense mutations in the MMR 
gene will cause the production abnormal MMR-proteins that are expressed but functionally 
inactive (110). Next-generation sequencing (NGS) has emerged as a new technique to 
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assess MSI. It uses targeted gene sequencing or whole exome/genome sequencing 
techniques and compares sequencing reads from microsatellite regions in the tumor and 
matched normal tissue, or counts mutations identified in exons (111,112). 

 

In prostate cancer, MSI and dMMR have been reported in a subset of tumors ranging from 
around 1% of primary cancers to up to 12% of metastatic cancers (111). In a meta-analysis 
including 23 studies, the risk of developing prostate cancer in patients with Lynch 
syndrome was investigated. The meta-analysis reported the risk ratio estimated for prostate 
cancer in Lynch syndrome patients to be 3.67, thus indicating that men carrying a DNA 
mismatch repair (MMR) gene mutation have an increased risk for prostate cancer (113). In 
a study by Rosty et al. dMMR was observed in 69% of prostate cancers from patients with 
Lynch syndrome with the highest prevalence of tumors in MSH2 mutation carriers (114). 
Other studies have investigated MSI/dMMR in sporadic prostate cancer. Kumar et al. 
described three hypermutated cancers in a series of 23 prostate cancer cases using gene 
sequencing (115). In a multi-institutional sequencing study investigating mCRPC, 
hypermutation and alterations in the mismatch repair pathway genes MLH1 or MSH2 were 
identified in four of 150 cases (116). Pritchard et al. has described hypermutation in 11.6% 
of advanced prostate cancers. The mutations were frequently MSH2 or MSH6 structural 
rearrangements rather than MLH1 epigenetic silencing (117). Nghiem et al. has reported 
deficient staining for MMR-proteins in primary prostate cancers in 5.0%, 15.0%, 17.8% 
and 11.2 % for MLH1, MSH2, MSH6 and PMS2, respectively (118). Guedes et al. 
investigated 1113 primary prostatic adenocarcinomas and 43 prostatic small cell 
carcinomas with screening for defect MSH2 using IHC followed by next-generation 
sequencing for confirmation. They showed that 1.2% (14/1176) of cases had MSH2 loss. Of 
cases with primary Gleason grade 5 (Gleason score 9-10), 8% (7/91) had MSH2 loss 
compared with only 0.4% (5/1042) of adenocarcinomas with other Gleason scores. Of 
prostatic small cell carcinomas, 5% (2/43) had MSH2 loss (119). In a recent study, 
molecular tumor profiling was performed on 1033 prostate cancers. 3.1% of cases showed 
MSI-H/dMMR while an additional 2.2% showed only MSI-H. 21.9% of MSI-H/dMMR 
cases had Lynch syndrome. The authors concluded that the MSI-H/dMMR molecular 
phenotype is uncommon but could be relevant for potential anti–PD-1/PD-L1 treatment 
(120). 
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2 RESEARCH AIMS 
In Study I the aim was firstly to describe systematically how often prostate cancers can be 
identified macroscopically on the cut surface of bisected unfixed prostatectomy specimens. 
Secondly, to investigate how well macroscopic findings of cancer correlate to microscopic 
findings. Thirdly, to describe the features of macroscopically identified tumors such as color, 
size, localization and tumor demarcation. 

 

In Study II the aim was to establish and validate a new biobanking technique for harvesting 
of unfixed prostate cancer and benign prostate tissue from radical prostatectomy specimens. 
The aim was also to validate that the biobanking technique did not jeopardize reporting of 
clinical histopathological parameters. Furthermore, we wanted to evaluate if the application 
of cryogel to tissues before snap freezing would improve the histomorphological quality of 
frozen sections. Finally, we wanted to evaluate if the harvested tissue was of high quality, as 
measured by RNA integrity number (RIN). 

 

In Study III the aim was firstly to investigate and describe how common PD-L1 expression in 
tumor cells and tumor infiltrating immune cells is in acinar and ductal adenocarcinoma of the 
prostate. Secondly, we wanted to determine the frequency of deficient mismatch repair 
(dMMR) in acinar and ductal adenocarcinoma. Lastly, we wanted to describe the 
characteristics of tumor infiltrating immune cells in acinar and ductal adenocarcinoma. 

 

The aim of Study IV was to investigate if acinar and ductal adenocarcinoma in mixed 
prostate cancer had arisen from a common somatic denominator or if they were clonally 
independent. Also, we wanted to compare the genetic characteristics of acinar and ductal 
adenocarcinoma. 
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3 MATERIALS AND METHODS 
“The finest and healthiest thing about science is, as in the mountains, the brisk air blowing 
around in it” 

¾ Friedrich Nietzsche 

 

3.1 TISSUE COLLECTION AND PREPARATION 

In Study I, 514 unfixed radical prostatectomy specimens accessioned at the Karolinska 
University Hospital during the period 2002-2010 were included. None of the patients had 
received pre-operative hormone treatment. In Study II, 20 consecutive radical prostatectomy 
specimens accessioned at the Karolinska University Hospital during a period of one month 
from December 2011 to January 2012 were included. In Study III, a tissue microarray (TMA) 
including 76 prostate cancer cases from Karolinska University Hospital and Aquesta 
Uropathology, Brisbane, Australia was utilized. In Study IV, 51 prostatectomy specimens 
with ductal adenocarcinoma from Aquesta Uropathology, Brisbane, Australia were included 
in the initial morphological assessment. 

Study I 
The prostatectomy specimens were received at the pathology laboratory directly from the 
operation theatre. The specimens were bisected at the level of palpable nodules, positive pre-
operative biopsies or at the junction between the mid and apical third of the prostate. 
Photographs of the cut surfaces were taken. The cut surface was inspected by a single 
investigator (Lars Egevad) and if lesions were visually identifiable, they were categorized as 
conclusive or suspicious for cancer. The size, color and demarcation of the identified lesions 
were described. 

Study II 
Directly upon arrival to the department of pathology, a full thickness horizontal tissue slice 
was cut through the prostatectomy specimens utilizing a custom made two-bladed knife. 
When a nodule was palpable, the cut was made at the level of the nodule. Otherwise, the cut 
was made at the level between the lower and middle thirds of the prostate. The horizontal 
slice was then cut into 4-12 smaller tissue segments. The tissue segments were numbered 
according to location. The tissue segments were embedded in Tissue-Tek OCT compound 
(Sakura Finetek, AJ Alphen aan den Rijn, The Netherlands), Figure 2. Following this, the 
tissue blocks were snap frozen in liquid nitrogen and stored in -80˚C. Frozen sections were 
cut and stained with HE. The microscopic slides were scanned, and entire horizontal tissue 
slices were digitally reconstructed. The cutting time for the frozen sections was noted. 
Microscopic examination followed and tumors, positive surgical margins, perineural 
invasion, HGPIN and areas of extraprostatic extension were outlined with India ink. 
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Figure 2. Using a double-bladed knife, a 4-mm-thick full horizontal tissue section was cut at 
the level between the lower and middle thirds of the prostate or at the level of a palpable 
nodule (A–C). The horizontal slice was divided into 4–12 smaller segments (D), the tissue 
was embedded in OCT gel in plastic cups fitted in separate cassettes and snap-frozen in liquid 
nitrogen (E). The remaining bisected prostatectomy specimen was mounted by pinning the 
edges to cork plates, and fixed in formalin (F). 

 

Study III 
A tissue microarray (TMA) consisting of 115 formalin-fixed tumors (34 ductal 
adenocarcinomas, 42 acinar adenocarcinomas and 39 malignant tumors from other organs) 
was used for producing immunohistochemical and HE-stained slides.  

Study IV 
Laboratory records from 2012 to 2019 at Aquesta Uropathology, Brisbane, Australia, were 
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searched for radical prostatectomy specimens with ductal adenocarcinoma. In total, 51 
prostatectomy specimens with ductal adenocarcinoma were identified. Microscopic slides 
from these cases were reviewed. After a first selection, sections were recut, stained by HE 
and reviewed again by two pathologists who assessed if there were sufficient volumes of 
acinar and ductal cancer tissue for genetic investigations. The criteria for classifying a tumor 
as ductal adenocarcinoma were: tall columnar tumor cells with prominent nucleoli, 
pseudostratification, elongated nuclei and cribriform or papillary architecture. Also, in order 
to enable microdissection of pure tumor tissue from the acinar and ductal components, only 
cases where the two cancer components were spatially separated in mixed tumors were 
selected for the study. Cases where the acinar and ductal cancers intermingled were excluded 
from the study to avoid contamination in the genetic analysis. Semiquantitative assessment of 
the tumor purity of the acinar and ductal cancer components was performed in tiers of 10%. 
Samples with a cancer cell fraction larger than 20% was accepted for the study and 
microdissected, Figure 3. 17 cases remained for DNA extraction, but two of the cases were 
excluded due to low DNA yield, leaving 15 cases for analysis. 

 

Figure 3. The acinar and ductal adenocarcinoma components were outlined with India ink. 
Only cases with spatially separated and morphologically distinct areas of acinar and ductal 
adenocarcinoma were included. Black: cancer; blue: ductal adenocarcinoma; red: acinar 
adenocarcinoma. Hematoxylin and eosin. 

 

Handling of prostatectomy specimens 
In all studies the prostatectomy specimens were formalin fixed by injecting at least 20 ml of 
formalin as previously described (121). After fixation, the prostates were completely inked 
with four colors (left, anterior, right, and posterior). The surfaces where the seminal vesicles 
had been attached were not inked. The halves of the bisected prostate were mounted by 
pinning the edges to cork plates (Figure 2F) followed by overnight fixation in formalin which 
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was kept circulating by a magnetic stirrer. After completed fixation, the prostatectomy 
specimens were sliced at 4-mm intervals, totally embedded, cut at 4 µm, whole-mounted, and 
stained with HE. 

 

3.2 TISSUE MICROARRAY 

Tissue microarray (TMA) is a method that facilitates immunohistochemical investigations of 
a large number of tumors in a single paraffin block. The technique was first described in 1986 
and has the advantages of being cost efficient and allowing a standardized approach (122). In 
a TMA all tissue cores are exposed to the same immunohistochemical staining conditions. 
The disadvantage of the technique is that it only allows analysis of limited parts of tumors 
and that assessment of, for example, tumor heterogeneity, different tumor components and 
tumor stroma is difficult. When constructing a TMA, investigators start by reviewing HE-
stained slides to identify and outline tissue components of interest, such as cancer. The 
outlined areas are then punched out from the donor tissue blocks and transferred to holes in 
recipients blocks. The cores are arranged in asymmetrical rows to allow identification of 
individual tissue cores. Histological sections are cut from the TMA blocks and stained 
histochemically or immunohistochemically. 
For Study III we used a TMA that was constructed by our group for a previous study (123). 
One core of tumor tissue had been sampled from each case, in total 115 tumors were 
included, comprising 34 prostatic ductal adenocarcinomas, 42 prostatic acinar 
adenocarcinomas and 6 colorectal, 7 endometrial, 7 pulmonary, 5 pancreatic, 5 gastric and 9 
urinary bladder adenocarcinomas. The cores were arranged in two paraffin blocks. 

 

3.3 IMMUNOHISTOCHEMISTRY 

In Study III, IHC was used to investigate protein expression in tumor cells and tumor 
infiltrating immune cells. Sections from a TMA were stained using an automated IHC system 
(Ventana Medical Systems, Tucson, AZ, USA). Staining with antibodies to MLH1, MSH2, 
MSH6, PMS2, PD-L1 (Clone SP263, Ventana Medical Systems Inc., Tucson, AZ, USA), 
PD-L2 (Clone D7U8C, Cell Signaling Technology, Inc., Danvers, MA, USA), CD4 and CD8 
(Agilent Technologies, Inc., Santa Clara, CA, USA) was performed following the 
manufacturer’s protocol for each antibody. Sections from normal tonsillar tissue were used as 
external controls for PDL-L1 and PD-L2 IHC. All antibodies were processed using a CC1 
agent, a Tris-based buffer with pH 8.5 and heating for 32 (CD4, CD8), 40 (MLH1, MSH2), 
64 (PD-L1, PD-L2), 72 (PMS2) or 80 (MSH6) minutes for deparaffinization and antigen 
retrieval. For visualization of immune binding, sections were incubated using an OptiView 
DAB IHC Detection Kit, according to the manufacturer’s instructions (Ventana Medical 
Systems Inc., Tucson, AZ, USA). An amplification kit (Ventana Medical Systems Inc., 
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Tucson, AZ, USA) was used to increase the signal for MLH1, MSH2, MSH6, PMS2, CD8 
and PD-L2 stains. All sections were counterstained with hematoxylin. 

 

Immunohistochemical stains for MMR proteins (MLH1, PMS2, MSH2, MSH6) were graded 
as positive or negative nuclear staining on microscopic evaluation. If the 
immunohistochemical staining was negative in both tumor cell nuclei and in the surrounding 
epithelial/stromal/endothelial/inflammatory cell nuclei, the staining was judged as 
indeterminate, indicating that it could not be ruled out that the staining was technically 
unsatisfactory. The PD-L1 and PD-L2 stains were semiquantitatively scored as negative or 
positive in 0-5% of cells, 5-10% of cells and thereafter in 10% intervals. The number of CD4 
and CD8 positive immune cells per tissue core was counted and reported in the intervals <50 
cells/core, 50-99 cells/core, 100-199 cells/core and >200 cells/core. 

 

3.4 RNA INTEGRITY NUMBER ANALYSIS 

The quality of unfixed tissue harvested for biobanking purposes is often assessed through 
RNA Integrity Number analysis (RIN) analysis and assigned a RIN value from 1-10 (124). If 
the RNA is completely degraded the value will be 1 and if it is completely intact the RIN 
value will be 10. The higher the tissue quality is, the higher the RIN value will be. In Study II 
we analyzed the RIN values of biobanked prostate tissue in order to safeguard that our novel 
biobanking technique supplied tissue material of high quality. We analyzed RINs in 26 
samples of formalin-fixed paraffin-embedded tissue, 197 unfixed samples that had been 
biobanked with an earlier used biobanking technique based on visual sampling, and 41 
unfixed samples that had been biobanked using the new whole-slice technique (including the 
20 cases described in Study II). RNA was extracted from snap frozen or paraffin-embedded 
tissue with the Allprep kit (Qiagen, Hilden, Germany), following the manufacturer’s 
instructions. 1 µl of extracted RNA was analyzed and RIN values were retrieved by use of an 
Agilent 2100 Bioanalyser and RNA LabChips (Agilent, Santa Clara, CA, USA). 

 

3.5 GENETIC STUDIES 

In Study IV, DNA was extracted from acinar and ductal cancer components using AllPrep 
FFPE kit (Qiagen, Venlo, Netherlands). Kapa DNA hyper (Roche) was used to construct 
libraries for sequencing. Targeted sequencing, with a design optimized for prostate cancer, 
was performed. Baits (120 bp oligos) were obtained from Twist Bioscience (San Francisco, 
USA). The baits were designed to target unique regions in the human genome commonly 
altered in prostate cancer. The design targeted approximately 3000 common SNPs enabling 
genome wide copy-number alteration profiling and ploidy assessment. The panel had a 
genomic footprint of 1.39 Mb and allowed identification of genomic structural 
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rearrangements, somatic and germline small variants, genome-wide copy-number alterations, 
assessment of ploidy, cancer cell purity, DNA repair and homologous recombination repair 
(HRR) genes, tumor mutation burden and microsatellite instability. An AutoSeq pipeline was 
applied for bioinformatic processing and manual curation of data. Visualization of gene 
variants was performed in an integrated genomics viewer (125). For two cases, germline 
DNA could not be isolated and white blood cell DNA from an anonymous healthy donor was 
used as germline DNA reference.  

 

3.6 STATISTICAL ANALYSIS 

Statistical analyses were performed using R statistics software version 3.5.2 (The R Project 
for Statistical Computing, Vienna, Austria) or SPSS software version 23.0.0.0 (SPSS, USA). 
In Study I, differences in proportions were compared using a chi-square test. To compare 
means, paired t-tests were used. In Study II confidence intervals for the means were 
calculated using one-sample t-tests. Unpaired t-tests were used to compare differences in 
means. In Study III, results were reported in contingency tables. Formal comparisons for 2 x 
2 and 2 x k contingency tables were based on Fisher’s exact test. In Studies I, II and III 
significance was defined as a p < 0.05. In Study IV, bioinformatics was performed in an 
integrated genomics viewer by specialized bioinformaticians. Integrated with this process, 
statistical analysis was performed in R (126). 

 

3.7 ETHICAL CONSIDERATIONS 

Study I-IV were approved by the Regional Ethic Review Board, Stockholm (Dnr 2001/353, 
2006/1014-31, 2009/780-31, 2010/710-31/2, 2013/1451-32, 2018/827-32) and the Aquesta 
Ethics Committee, Brisbane, Australia (AQ376421, AQ421010). 
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4 RESULTS AND DISCUSSION 
“I am turned into a sort of machine for observing facts and grinding out conclusions” 

¾ Charles Darwin 

 

4.1 PAPER I: MACROSCOPIC FEATURES OF PROSTATE CANCER 

In Study I we investigated the macroscopic features of 514 unfixed prostatectomies. Of the 
514 cases in the study, 52% had macroscopic findings conclusive for cancer and 24% had 
findings suspicious for cancer. Of cases with gross findings conclusive for cancer, 94% 
showed microscopically substantial cancer, Figure 4. Among cases with findings suspicious 
for cancer on macroscopic examination, 69% showed substantial cancer on microscopic 
examination. Of substantial prostate cancers (≥2 mm diameter), 42% could be confidently 
identified macroscopically. In cases without macroscopic findings of cancer, 56% still 
revealed substantial tumors on microscopic evaluation. Microscopic examination showed 
substantial cancer at the level of bisection in 84% of all cases and minimal cancer in 10%. 

 

Figure 4. Distribution of microscopic cancer in cases with macroscopic findings conclusive 
or suspicious for cancer or no visible tumor. 

 

Of lesions conclusive for cancer on macroscopic examination with microscopic findings of 
cancer, 30% were tan, 30% white, 16% yellow and 24% orange, Figures 5-8. Prostate 
cancers located in the TZ were more likely to be yellow or orange than cancers of the PZ (p < 
0.001), Figure 8. Ten of the cases with macroscopic findings conclusive for cancer did not 
show any tumor on microscopic examination. In these false positive cases microscopy 
revealed inflammation, postatrophic hyperplasia or stromal hyperplasia. Of substantial tumors 
not identified macroscopically, 57% were located in the PZ and 35% in the TZ compared to 
73% and 18%, respectively in the whole series. Thus, substantial TZ cancers were less 
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frequently identified compared with substantial PZ cancers. High-grade cancers (Gleason 
score ≥4+3=7) were more likely to be identified macroscopically than low-grade tumors 
(Gleason score ≤3+4=7) (p = 0.001). All identifiable tumors in the study were poorly 
demarcated and assessment of the extension of macroscopically identified tumors 
underestimated true, microscopic tumor size (p < 0.001). 

 

The number of large systematic studies of the macroscopic features of prostate cancer in 
prostatectomy specimens is very limited (13,14). A reason for this could be that radical 
prostatectomy surgery rarely was performed before the 1980s. Even after the introduction of 
radical surgery as a standard therapy, only a few studies have been published reporting the 
frequency of macroscopically visible tumors in unfixed prostatectomy specimen. The few 
descriptions in the literature lack detailed, systematic reporting of tumor characteristics such 
as tumor color, zonal distribution, tumor demarcation and correlation between gross and 
microscopic findings (14–16,25). This is all the more surprising taking into consideration that 
many biobanking protocols for harvesting of unfixed prostate cancer tissue is based on 
macroscopic identification of tumors (66). Macroscopic findings conclusive for cancer, 
assessed by an experienced urological pathologist, in unfixed prostatectomy specimens was 
highly predictive for microscopic findings of cancer in the same foci. 52% of cases showed 
macroscopic findings conclusive for cancer and microscopic examination confirmed prostate 
cancer in 96% of these lesions. Prostate cancer typically shows a highly infiltrative growth 
pattern. In all macroscopically identified cancers the tumors were poorly demarcated on gross 
examination. The infiltrative growth pattern of prostate cancer, often growing between and 
around benign glands, also corresponds well with the findings that macroscopic examination 
underestimated the true tumor size. The poor demarcation of prostate cancer and the fact that 
tumors often are tan, similar to surrounding benign tissue, could explain why prostate cancer 
can be difficult to identify macroscopically.  

 

Cancers with higher Gleason scores (≥4+3=7) were more likely to be identified 
macroscopically compared to cancers with lower Gleason scores (≤3+4=7). High-grade 
cancers are more cellular with more desmoplastic stroma reaction (13). This could explain 
why high-grade tumors are more readily identified on visual inspection, Figure 6. Tumors in 
the TZ were less likely to be identified on gross examination compared to tumors in the PZ. 
Patients undergoing prostatectomy are often of an age where benign prostatic hyperplasia is 
common. Benign prostate hyperplasia could mask TZ-cancers on gross examination through 
its nodular structure. We noted cases of TZ cancer growing within nodules of benign 
hyperplasia, making macroscopic detection very difficult, Figure 5. Macroscopically 
identified tumors in the TZ were more often orange or yellow compared to tumors in the PZ. 
A possible explanation may be that tumors in the TZ often display tall, columnar tumor cells 
with abundant cytoplasm, Figure 8. 
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Figure 5. Macroscopic identification of transition zone cancers is often difficult. Nodular 
growth pattern within pre-existing benign prostatic hyperplasia. Gleason score 3+4=7. 

 

Figure 6. Peripheral zone prostate cancer with tan cut surfaces. Gleason score 4+5=9. 

 

Figure 7. Prostate cancers with white cut surfaces. Posterolateral, right: Acinar 
adenocarcinoma, Gleason score 4+3=7. Anterior, right: Ductal adenocarcinoma, Gleason 
score 4+4=8. 

 

Figure 8. Prostate cancer with orange cut surfaces. Transition zone cancer with abundant 
cytoplasm, Gleason score 3+3=6. 
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A limitation of the study is that the gross examination was performed by a single, expert 
urological pathologist. In the routine laboratory setting, biobanking would probably be 
performed by multiple residents and technicians. It is possible that the accuracy of gross 
examination could be worse under such circumstances. The findings that 42% of cancers 2 
mm or larger were not conclusively identified at macroscopic examination, that high-grade 
tumors were easier to identify and that TZ tumors were less likely to be identified, suggest 
that biobanking based on visual inspection may lead to a sampling bias. This finding is 
directly related to our novel biobanking technique that is described in Study II. 
 

4.2 PAPER II: A NOVEL TECHNIQUE FOR BIOBANKING OF LARGE 
SECTIONS OF RADICAL PROSTATECTOMY SPECIMENS 

In Study II we described a new biobanking protocol that facilitates harvesting of a large 
volume of tumor and benign tissue from prostatectomy specimens by utilizing a custom-
made double-bladed knife. In 18 of 20 cases in the study, cancer was sampled in the 
biobanked tissue slice. Prostate cancer was present in 72 of 155 of tissue blocks. The 
morphological quality of the frozen sections produced with the protocol was excellent, Figure 
9. We attributed the well-preserved morphology to the coating of tissue segments in Tissue-
Tek OCT compound before freezing. Histological details such as HGPIN (14 cases), 
perineural invasion (seven cases), extraprostatic extension (four cases), positive margins (one 
case) and multifocal tumors (seven cases) were identifiable in frozen sections. By combining 
this novel biobanking method with laser capture microscopy or other dissection techniques it 
could be possible to correlate reginal morphology and genetic alterations. The high 
morphological quality also enables identification and microdissection of cancer precursors 
and specific tumor components. When harvesting large amounts of prostatic tissue for 
biobanking purposes, it is important that reporting of clinical parameters such as surgical 
margins, is not imperiled. With this protocol, the entire surgical margin and extraprostatic 
tissue was sampled. It was possible to produce frozen sections from the individual tissue 
segments and reconstruct a complete horizontal slice to report Gleason grade, tumor location, 
multifocality, tumor stage and surgical margins, Figure 10. Also, in cases where no cancer 
can be identified in the non-biobanked part of a prostatectomy specimen, pT0-tumors, frozen 
sections could be produced from all tissue sections for tumor identification. 

 

Numerous biobanking protocols have been described in the literature (57). The most 
traditional way to biobank tumor tissue in pathology is based on visual inspection and 
identification of tumors. In cases where the investigator can identify tumor foci, the technique 
usually supplies enough tumor tissue. But prostate cancer can be difficult to identify grossly, 
and this approach most often samples only the largest tumor focus. This means that 
multifocal tumor foci and precursor lesions are not sampled. Other published prostate cancer 
biobanking protocols includes multiple punch or core needle biopsies, the removal of the 
central regions of prostatectomy specimens and cytology-based approaches (59–
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63,68,69,127). Biobanking protocols where a full slice of prostatic tissue is harvested and 
snap frozen have also been published (70–72). 

 

Figure 9. Frozen section from Study II. The micromorphological quality and morphology 
was excellent. The high quality of the frozen sections allowed detected of various clinically 
relevant histological details. 

 

With our new technique, the full slice of prostatic tissue was divided into smaller pieces that 
were snap frozen individually. This facilitates that individual tissue blocks can be used for 
research studies without the need to bring out the entire tissue material from the freezer with 
the accompanying risk of thawing and DNA/RNA degradation. The technique facilitates the 
study of multifocal tumors, tumor heterogeneity, precursor lesions and allows the 
identification of index tumors. Also, the novel protocol allows in-depth studies of tumor 
associated stroma and tumor infiltrating immune cells. With this technique we will be able to 
sample small, multifocal tumors that would normally not be identified and sampled in 
biobanking techniques based on macroscopic identification of tumors. The quality of the 
harvested tissue was excellent with high RNA quality (RIN), making it optimal for research 
studies. A challenge with the protocol was that cutting frozen sections from numerous tissue 
blocks was time-consuming. On the other hand, the protocol is standardized and can be 
performed by a trained laboratory technician. 
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Figure 10. A scanned tumor map of a prostatectomy specimen from Study II. A full 
horizontal tissue slice had been biobanked between sections 2 and 3. The biobanked slice was 
divided in nine tissue segments, snap-frozen, frozen-sectioned and reassembled. A large 
anterior tumor with anterior extraprostatic extension and positive surgical margins is outlined 
with India ink. 
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4.3 PAPER III: PD-L1 EXPRESSION AND DEFICIENT MISMATCH REPAIR IN 
DUCTAL ADENOCARCINOMA OF THE PROSTATE 

In Study III we showed that PD-L1 expression in acinar and ductal prostate cancer cells was a 
rare event with expression in only 4% (3/76) of cases. PD-L1 positivity in tumor infiltrating 
immune cells was more common. It was identified in 21% of cases (16/76), in 29% of ductal 
adenocarcinomas and 14% of acinar adenocarcinomas, Figure 11A-C, E, Table 1. The 
number of cases with deficient mismatch repair (dMMR) was investigated using IHC for 
MLH1, PMS2, MSH2 and MSH6. dMMR, defined as the loss of one or more MMR-proteins, 
was seen in 5% (4/73) of cases, three in acinar adenocarcinoma (in all cases loss of MSH6) 
and one ductal adenocarcinoma (loss of both MSH2 and MSH6), Figure 11 F, Table 2. In 
one ductal adenocarcinoma, the immunohistochemical stain for MSH6 was indeterminate and 
in another the stains for both MSH2 and MSH6 were indeterminate. One case of ductal 
adenocarcinoma and two cases of acinar adenocarcinoma were excluded due to insufficient 
tissue material. PD-L1 positivity was identified in one of the cases that exhibited dMMR. No 
significant association between PD-L1 expression and ISUP grade was identified. 
Immunohistochemical analysis of tumor infiltrating lymphocytes showed an increased 
number of CD8+ lymphocytes in ductal adenocarcinoma compared with acinar 
adenocarcinoma (p = 0.04), Figure 11 D. In contrast, there was no significant difference in 
the number of CD4+ lymphocytes in ductal vs acinar adenocarcinoma (p = 0.28). 

 

In 1957 Sir Macfarlane Burnet formulated “The Concept of Immunosurveillance “- the idea 
that the immune system eliminates malignant cells and thereby protect the body from tumor 
development (128). Thus, tumors need to develop mechanisms to evade immune surveillance 
in order to successfully grow and spread in the host. The ability of cancers to avoid 
destruction of the immune system has received increased attention lately due to the 
introduction of immune checkpoint inhibitors in oncological treatment. Treatment response to 
immune checkpoint inhibitors has been shown to be associated to high expression of PD-L1 
in several types of solid cancer (129) and if high expression of PD-L1 in primary or 
castration-resistant prostate cancer would be demonstrated, it could be hypothesized that also 
prostate cancer may be targeted with this treatment strategy.  

 

Comparing studies of PD-L1 expression in prostate cancer is problematic because there are 
several validated, commercial antibodies but also various research developed antibodies in 
use. Differences in laboratory IHC protocols and staining platforms can affect the outcome of 
the staining process. To complicate matters more, there is as a lack of standardization of 
scoring systems and cut off criteria for what constitutes a ‘positive’ PD-L1 test. Taken 
together, it is very difficult to make any far-reaching conclusions when comparing reported 
staining results. Pre-analytic variables such as tissue fixation can also influence 
immunohistochemical staining results (130).  
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Figure 11. (A) Ductal adenocarcinoma of the prostate with papillary architecture and 
pseudostratified, columnar tumor cells with elongated nuclei. Hematoxylin and eosin.  
(B) Ductal adenocarcinoma without PD-L1 expression in tumor cells. IHC for PD-L1. 
(C) PD-L1 expression in tumor-infiltrating immune cells in ductal adenocarcinoma. 
(D) Tumor-infiltrating CD8+ lymphocytes in ductal adenocarcinoma. IHC for CD8.  
(E) Strong membranous expression of PD-L1 in acinar adenocarcinoma. IHC for PD-L1. 
(F) Acinar adenocarcinoma with complete loss of nuclear staining. This indicates dMMR 
(MSH6). Positive nuclear staining in endothelial cells (arrow) as positive internal control. 
IHC for MSH6. Lens magnification 20x. 
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Table 1. PD-L1 expression in tumor cells and tumor infiltrating immune cells in acinar and 
ductal adenocarcinoma. 

 

 

Table 2. Number of cases with loss of MMR proteins (dMMR) in acinar and ductal 
adenocarcinoma. 

 

In prostate cancer, studies of PD-L1 expression have shown inconsistent findings and few 
reports investigating the expression of PD-L1 in ductal adenocarcinoma have been published 
(78–84,86). 

 

In this study we showed that PD-L1 was expressed in tumor infiltrating immune cells in 21% 
of prostate cancers but in tumor cells in only 3% of cases when using a validated prepackaged 
kit (SP263) (Ventana Medical Systems). A higher expression of PD-L1 in tumor infiltrating 
immune cells was seen in ductal adenocarcinoma compared to acinar adenocarcinoma but the 
difference was not statistically significant. These findings are well in line with those of other 
studies that have utilized the same commercially available antibody clone (SP263) 
(83,84,86). All cases in our study fulfilled the minimum requirement of at least 100 tumor 
cells for evaluation of PD-L1 expression but since the samples were part of a TMA, large 
areas of tumor could not be examined. It could be argued that assessment of PD-L1 
expression in full sections of the tumors could better visualize intratumor expression 
heterogeneity. In clinical practice, pathologists most often prefer to evaluate PD-L1 
expression in slides from surgical specimens or large biopsies since it reduces the risk of 
under- or overestimating expression in heterogenous tumors. Numerous clinical trials using 
PD1 and PD-L1 inhibitors are ongoing which will direct the future for immune checkpoint 
inhibitors in prostate cancer. It still remains to be elucidated how to best identify which 
prostate cancer patient subgroups could benefit from therapy. Many different biomarkers for 
tumor response to immune checkpoint inhibitors has been suggested, such as PD-L1 
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expression, tumor-infiltrating lymphocytes, tumor mutation burden and dMMR (131). At 
present, the only indication for treatment with immune checkpoint inhibitors for prostate 
cancer supported by the FDA is treatment of MMR-deficient or MSI-H advanced prostate 
cancer with pembrolizumab. Further clinical trials and possibly the development of new 
biomarkers will determine the role of immune checkpoint inhibitors in prostate cancer (55). 
The results of more recent studies of PD-L1 expression in prostate cancer, using validated 
PD-L1 antibodies, show somewhat more uniformity than in earlier reports. Further studies 
should aim at standardizing the choice of antibody clone and tissue pretreatment protocols but 
also tissue handling such as fixative agent and fixation time (130). 

 

In our series three acinar adenocarcinomas showed deficient expression of MSH6 and a 
single case of ductal adenocarcinoma showed deficient expression of both MSH2 and MSH6. 
The method for identifying dMMR in Study III was IHC but MSI-H was also investigated in 
Study IV. In that study, 15 acinar and ductal adenocarcinoma samples were investigated with 
genomic sequencing without any case exhibiting MSI-H. In the literature, the frequency of 
MSI-H and dMMR in prostate cancers ranges from around 1% of primary cancers up to 12% 
of metastatic cancers (111). Some studies have reported that dMMR/MSI-H is more common 
in high-grade prostate cancer (132). In a small study from 2016, using targeted next-
generation DNA sequencing, 4 out of 10 patients with ductal adenocarcinoma showed signs 
of MSI (101). The authors hypothesized that MSI may be more common in ductal 
adenocarcinoma compared to acinar adenocarcinoma, although the size of the study was 
small. In our study we were not able to reproduce these results. On the contrary, dMMR was 
identified in only one of 33 ductal adenocarcinomas. Furthermore, in Study IV we reported 
that sequencing data from 15 ductal adenocarcinomas did not identify any case of MSI-H. 
Thus, in Study III and IV, we have shown by both IHC and genomic sequencing, that 
dMMR/MSI-H is a rare event in ductal adenocarcinoma in contrast to the data from 
Schweizer et al. (101). dMMR/MSI-H has been reported to be more common in high-grade 
prostate cancer (132). With that in mind, the higher rate of dMMR/MSI-H in the study by 
Schweizer et al. could be caused by a selection of high-grade cancers. 

 

Extensive lymphocytic infiltration in malignant tumors has been described to be associated 
with a more favorable clinical outcome for several cancer types, including urothelial, 
colorectal, head and neck, breast, pulmonary and prostatic cancer (133,134). In the literature 
it has been proposed that high level of tumor infiltrating CD3+ T cells and CD8+ cytotoxic T 
cells is associated with a better prognosis, longer disease-free survival and overall survival for 
cancer patients (135). It has been proposed that the mechanism behind the increased number 
of tumor infiltrating immune cells in tumors with MSI is that tumor cells, due to their high 
tumor mutation burden, express more neoantigens which attracts antitumoral immune cells. 
PD-L1 overexpression on the surface of tumor cells or in tumor-infiltrating immune cells 
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could suppress this antitumoral immune response. In our study one of four dMMR tumors 
expressed PD-L1. There was a statistically significant increase in the number of CD8+ tumor-
infiltrating lymphocytes in ductal adenocarcinoma when compared to acinar adenocarcinoma. 
For CD4+ tumor infiltrating lymphocytes no statistically significant difference was identified. 
The exact prognostic and predictive value of the quantitative/qualitative characteristics of 
tumor infiltrating immune cells in prostate cancer remains to be described in future research. 

 

4.4 PAPER IV: DUCTAL AND ACINAR COMPONENTS OF MIXED PROSTATIC 
ADENOCARCINOMA FREQUENTLY HAVE A COMMON CLONAL ORIGIN 

In Study IV we showed that acinar and ductal components in mixed adenocarcinoma most 
often shared a common somatic denominator. In 12 out of 15 cases genomic analysis 
indicated that the tumor components had a common clonal origin while they were clonally 
independent in three cases. TMPRSS2-ERG gene fusions were detected in 53% (8/15) of 
cases, Figure 12. The fusions were detected in both tumor components in 6 of cases, only in 
the acinar component in one case and only in the ductal component in one case. In 33% 
(5/15) of cases, clonal FOXA1 alterations were detected: in both components in three cases 
and only in the ductal component in two cases. SPOP mutations were seen in 27% (4/15) of 
cases: in three of the cases in both components and only in the ductal component in one case. 
Six of the ductal adenocarcinomas had CTNNB1 hotspot mutations or PTEN alterations that 
were mutually exclusive, three cases had CTNNB1 hotspot mutations, and three cases had 
PTEN alterations. KIAA1549−BRAF fusion was identified in both tumor components in one 
case. 53% of ductal adenocarcinomas showed gene duplication events, resulting in increased 
ploidy, while this was not observed in any of the acinar cancer samples. None of the cases 
showed signs of microsatellite instability or increased tumor mutation burden (defined as ≥15 
mutations per megabase of the coding DNA). No HRR gene alterations were noted. On 
microscopic evaluation, no obvious morphological differences were observed between the 
clonal and non-clonal cancers, Figure 13. 

 

In 1967, Melicow et al. first reported, what they called, “endometroid carcinoma of the 
prostatic utricle” (30). Later, this tumor would be renamed ductal adenocarcinoma of the 
prostate. At the time, it was believed that the tumor originating from a remnant of a Mullerian 
duct structure (31). In the 1970s a case of co-existing acinar and ductal adenocarcinoma in 
the same prostate specimen was described. The authors concluded that the two tumor 
components should be classified as neoplasms of different histogenesis, biological potential 
and histopathological features (136). Later it was shown that the tumor had a prostatic origin 
and the theory of an Mullerian histogenesis was abandoned (137,138).  
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Figure 12. Genomic profiling of paired samples of tissues from acinar and ductal 
adenocarcinoma components. The top heatmap shows the somatic alterations detected from 
tumor tissue profiling. The type of alteration is coded according to the top legend. The middle 
heatmaps gives information on clonal origin, shared variants by variant type, tumor mutation 
burden and ploidy. The bottom panel displays the estimated fraction of cancer DNA in each 
sequenced tissue sample. The dashed lines at 0.01, 0.10, and 0.20 denote the cutoffs for 
reliable detection of point mutations, loss of heterozygosity, and homozygous deletions, 
respectively. 
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Tumors with endometroid-like features located both centrally in the prostate, in and around 
the verumontanum, and in the large ducts of the prostate were grouped together under the 
term ductal adenocarcinoma of the prostate (32). 

 

Ductal adenocarcinoma rarely exists in a pure form, in most cases it presents in a mixed form 
with acinar adenocarcinoma (26). This fact has indicated that the two tumor components 
could share a common origin. The alternative would be that mixed tumors represent collision 
tumors of admixed, but independently arisen, acinar and ductal adenocarcinoma. Prostate 
cancer is typically heterogenous with varying tumor grade and morphological differentiation. 
Molecular studies have shown great genetic diversity between different regions and tumors in 
the same prostatectomy specimen (139,140). Based on the observation that ERG expression 
and loss of phosphatase and tensin homolog (PTEN) is reported to be less common in both 
acinar and ductal adenocarcinoma components in mixed prostate cancers compared to 
conventional acinar cancer, it has been suggested that both components could share a clonal 
origin (100). In a study from 2019, Gillard et al. investigated the clonal relationship between 
acinar and ductal adenocarcinoma foci in ten prostatectomy specimens (141). Their results 
indicated that coincident acinar and ductal adenocarcinomas shared a clonal relationship. In 
nine of ten cases mutually exclusive CTNNB1 hotspot mutations or PTEN alterations were 
identified in the ductal component, but this was not seen in the acinar component. Ploidy was 
not analyzed. 

 

In our study, acinar and ductal adenocarcinoma components from mixed prostate cancers 
shared a common somatic denominator in a majority of cases. Hence, most acinar and ductal 
adenocarcinoma components of mixed prostate cancers should be viewed as divergent 
patterns of differentiation of the same tumor. In three cases the acinar and ductal cancer 
components showed no signs of a clonal relationship. It could be hypothesized that these 
cases represent true collision tumors. On microscopic examination, no morphological 
differences were identified that could separate clonal from non-clonal mixed prostate cancers, 
Figure 13. Great attention was put into selecting only cases and areas of tumor that 
unequivocally fulfilled the morphological criteria of ductal adenocarcinoma (14), Figure 3. 
By selecting ductal adenocarcinoma samples carefully, we wanted to avoid adding acinar 
adenocarcinomas with ductal features to the study. In clinical practice it is well known that 
there is a morphological continuum between the morphology of acinar and ductal cancer. 
Acinar cancer can exhibit certain morphological features of ductal cancer without fulfilling 
all criteria for ductal adenocarcinoma (26). Studies have shown that it can be difficult for 
pathologists to agree on where to draw the morphological line between acinar and ductal 
adenocarcinoma (37). The existence of prostatic adenocarcinomas with ductal features 
corresponds well with our findings, i.e., the tumor components represent patterns of 
differentiation within the same tumor.  
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Figure 13. Mixed prostate cancer with ductal and acinar adenocarcinoma components. No 
specific histological characteristics separating clonal and non-clonal cancers could be 
identified. A+B. Mixed adenocarcinoma. Ductal (A) and acinar (B) adenocarcinoma 
components with clonal relationship. C+D: Mixed adenocarcinoma. Ductal (C) and acinar 
(D) adenocarcinoma components without clonal relationship. Hematoxylin and eosin, 20x 
lens magnification 

 

One of the most striking findings of our study was that 8/15 cases of ductal adenocarcinoma 
showed genome doubling events resulting in aneuploidy. In six of these cases, ploidy 
increase was absent in the acinar component. In the remaining two cases ploidy in the acinar 
component could not be assessed. No acinar adenocarcinoma exhibited genome doubling 
events. Genome doubling events has been described to be the strongest genomic feature 
associated with advanced prostate cancer and our findings are well in concordance with the 
description of ductal adenocarcinoma as an aggressive, high-grade prostate cancer (142). 
TMPRSS2-ERG gene fusions were detected in 7/15 cases. In five of these cases the fusion 
was present in both the acinar and ductal components. The finding, that TMPRSS2-ERG 
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fusions are common in mixed prostate cancers, contrasts with earlier reports where fusions 
have been described as uncommon in ductal prostate cancers (98,99). The presence of 
mutually exclusive PTEN and CTNNB1 mutations in the ductal cancer component of mixed 
prostate cancers has, in a small study, been reported to be very common, seen in 9/10 cases 
(141). In our study these mutations were identified in ductal cancer at a much lower rate. 
Mutually exclusive PTEN and CTNNB1 mutations were seen in the ductal cancer component 
in 6/15 cases. It is difficult to explain these differences in mutation frequency but since both 
studies are rather small, it cannot be excluded that the differences are random. Nevertheless, 
in our study we reproduced the findings that PTEN and CTNNB1 alterations are enriched in 
the ductal and absent in the acinar cancer components of mixed prostate cancer.  
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5 CONCLUSIONS 
We conclude that macroscopic findings conclusive for cancer predict the identification of 
prostate cancer on microscopic examination in most cases. Transition zone cancers are more 
difficult to identify on gross examination. High-grade prostate cancers are more likely to be 
identified macroscopically than low-grade cancers. 

We conclude that our new protocol for biobanking of fresh tissue from prostatectomy 
specimens provides ample tumor material for research purposes. The technique also enables 
reporting of clinical parameters from the biobanked tissue. The harvesting of a full tissue 
slice facilitates studies of tumor multifocality and heterogeneity. 

We conclude that PD-L1 expression is rare in both acinar and ductal adenocarcinoma of the 
prostate while PD-L1 expression in tumor infiltrating immune cells is more common. dMMR 
is uncommon in both acinar and ductal adenocarcinoma. 

We conclude that acinar and ductal adenocarcinoma components in mixed prostate cancers 
share a common somatic denominator in most cases. Ductal adenocarcinoma shows a high 
rate of genome doubling events, consistent with aggressive prostate cancer. 
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6 FUTURE PERSPECTIVES 

The future of prostate cancer research will move along several different paths. Increased 
understanding of the biology and genetics of prostate cancer can lead to better diagnostics 
and improved tumor surveillance, but also towards a more personalized, targeted treatment. 
Developments in imaging technologies such as magnetic resonance imaging (MRI) and 
positron emission tomography–computed tomography (PET/CT) will give detailed 
information about primary tumors and metastases. These techniques can facilitate targeted 
biopsies but also increase the accuracy of staging and detection of early tumor relapse. 
Performing MRI before invasive investigations to select patients for biopsy can reduce the 
number of diagnosed prostate cancer without missing clinically significant high-risk tumors. 
Digital pathology with the application of an artificial intelligence (AI) system has shown a 
good ability to identify and grade prostate cancer (143). These findings have raised the hopes 
that AI could reduce subjectivity in prostate cancer diagnostics and tumor grading. It could 
also improve overall efficiency and cost-effectiveness in prostate cancer diagnosis which 
would be beneficial since there is a worldwide shortage of pathologists. It may also in the 
future become possible to develop machine learning algorithms that, independent of 
traditional histopathological parameters, could add prognostic and predictive information for 
patient management (144). 

 

The addition of MRI to preoperative prostate cancer diagnostics has received a lot of 
attention. MRI can be used to identify areas suggestive for cancer, enabling targeted core-
needle biopsies. Biopsies in patients with MRI results suggestive of prostate cancer are not 
inferior to standard systematic biopsies for the detection of clinically significant prostate 
cancer (145). A reduction in the number of diagnosed low-risk prostate cancers would be 
beneficial by reducing overtreatment and healthcare costs. I would also reduce procedure-
related complications such as pain, hemorrhage and post-biopsy infections. Reducing the 
detection of small, low-grade prostate cancers that can be managed conservatively would 
reduce the negative psychosocial aspects of a cancer diagnosis (146). At present, patients 
with high-risk prostate cancer undergo a CT-scan and a bone scintigraphy to detect lymph 
node or distant metastases. Recently imaging by PSMA-PET has been introduced for the 
detection of metastatic prostate cancer (147). This method combines CT and PET scans. The 
patient is intravenously injected with a radioisotope attached to a molecule that selectively 
binds to prostate-specific membranous antigen (PSMA), which is often overexpressed on the 
cell surface of prostate cancer. The radioactive isotope will accumulate in PSMA-expressing 
metastatic lesions and highlight them in the PET-scan. Studies have shown that PSMA PET-
CT is more accurate for lymph node and distant metastases than conventional imaging 
techniques. Also, radiation exposure is lower with PET-CT than with the conventional CT 
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scan/bone scintigraphy approach. Circulating tumor DNA is a new tool in the emerging 
concept of precision medicine also known as liquid biopsies. By analyzing tumor DNA, 
circulating in the blood, targetable mutations and treatment induced adaptations in tumor cells 
can be identified (148). The clinical implementation of this technique could make a more 
personalized treatment approach to prostate cancer possible in the future. Conventional tissue 
biopsies are invasive and sometimes difficult to obtain. In contrast, through the liquid 
biopsies a blood test will be sufficient to map the tumor DNA and follow genetic changes 
during the different phases of the disease. 

 

A targeted treatment for prostate cancer, aimed at PSMA has been developed, Lutetium-177 
PSMA. Patients with mCRPC are injected with a radioligand that delivers beta-particle 
radiation specifically to PSMA-expressing cells and the surrounding microenvironment. In 
this way a high level of radiation can be achieved in areas of tumor growth without negative 
side effects in the rest of the body. Investigators have reported improved progression-free 
survival and overall survival using this treatment approach (149). The successful introduction 
of immune checkpoint inhibitors in various cancer types has spurred interest in their use in 
prostate cancer, especially mCRPC. Multiple studies on metastatic prostate cancer have 
shown some promising results. In particular, there are indications that the response rate is 
higher in tumors harboring MSI or DNA Damage Response (DDR) gene defects. Further 
studies are ongoing where it hopefully will be elucidated which patient categories could 
benefit from immune therapy (120,150). Clinical trials have also shown that prostate cancer 
with defect DDR pathways can be treated with PARP-inhibitors (151) and it has been 
purposed that all metastasized prostate cancers should undergo molecular investigations to 
identify DDR alterations (152). 

 

A deepened understanding of prostate cancer biology, better imaging techniques, digital 
pathology including artificial intelligence, personalized treatment and improved surveillance 
of patients in remission will hopefully lead to improved patient management, less 
overtreatment and longer overall survival. A future prostate cancer management could 
include PSA-testing, predictive biomarker testing and MRI to decide which patients should 
undergo biopsy. This would be followed by targeted biopsies based on MRI findings. PSMA-
PET would then be used to identify patients with regional and/or distant metastatic disease. 
Patients that have undergone radical prostatectomy, are in active surveillance or active 
antitumoral drug treatment would take regular liquid biopsies to detect relapse, signs of more 
aggressive disease or signs of treatment response/treatment failure. By using this type of 
surveillance is would be possible to rapidly change treatment strategy and thereby possibly 
improve quality of life and overall survival.  
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