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Resumo 
 

O Cancro da Próstata (CaP) é o tipo de cancro mais comum a afetar os homens. Tem uma 
incidência de 22,8% na Europa, e é o terceiro cancro responsável por mais mortes, ultrapassado pelo 
cancro do pulmão e do colon. Os CaP são, na grande maioria, adenocarcinomas, e têm origem nas células 
luminais das glândulas prostáticas. Estes tumores são caracterizados pela proliferação de células que se 
assemelham, tanto em estrutura como em bioquímica, com as células luminais, e pela ausência de células 
basais, sendo que estas últimas são as células que fazem a barreira entre as glândulas e o estroma na 
próstata normal. Ainda não há certezas sobre quais são as causas deste tipo de cancro, mas o aumento 
da idade, etnicidade e hereditariedade são fatores de risco já identificados. 

A partir de uma coorte de 29 pacientes com Cancro da Próstata Oligometastático (CaP-OM), 
obtivemos onze amostras de tecido de oito doentes, conservadas em blocos de parafina. Estas amostras 
foram analisadas e comparadas, após a realização de um protocolo de imunofluorescência com cinco 
biomarcadores (5-plex), que nos possibilitou observar a expressão de múltiplas proteínas numa única 
imagem. O estado oligometastático (OM) designa que o doente tem um número limitado de lesões 
metastáticas (entre três a cinco metástases, mas apenas até três nestes doentes), e aparenta ser um estado 
intermédio entre cancro da próstata confinado ao órgão, e um estado polimetástatico (PM), de doença 
já disseminada pelo corpo, onde a probabilidade de sobrevivência é muito baixa. Um estudo realizado 
pelo Dr. Carlo Greco na Fundação Champalimaud permitiu observar que alguns doentes com CaP-OM, 
cujas metástases foram tratadas com Radioterapia de dose única (SDRT de ‘Single Dose Radiotherapy’), 
normalmente 24Gy numa única sessão, responderam melhor ao tratamento, e ficaram num estado de 
doença controlado. A existência de uma estratificação entre doentes com CaP-OM que respondiam, ou 
não, ao tratamento com SDRT levou a sugerir que existiria um verdadeiro estado OM, o qual 
apresentaria uma biologia tumoral característica, ainda potencialmente curável. 

Há cada vez mais uma necessidade de encontrar novos biomarcadores que possam auxiliar o 
diagnóstico clínico de doentes com CaP, colaborando com o tão conhecido exame do nível de PSA 
(antigénio específico da próstata) sanguíneo que, até aos dias de hoje, continua a ser a principal 
ferramenta utilizada no diagnóstico e seguimento dos doentes. No entanto, este exame tem sido alvo de 
muitas controvérsias, pois apresenta uma especificidade baixa, tal devido ao facto de algumas condições 
benignas poderem levar a elevações no nível desta proteína e, consequentemente, a falsos diagnósticos 
e a tratamentos excessivos e desnecessários. 

O protocolo de coloração utilizado neste estudo foi adaptado de um protocolo criado e otimizado 
no Centro Hospitalar Mount Sinai, em Nova Iorque. Este protocolo continha cinco anticorpos todos com 
interesse na identificação e caracterização dos CaP. Estes anticorpos permitiram fazer uma definição do 
tecido e rapidamente identificar estruturas normais contra tumor, possível através da utilização do 
anticorpo para a citoqueratina 18 (CK18), uma citoqueratina de baixo peso molecular que marca células 
epiteliais das glândulas prostáticas, normais e tumorais. O recetor de androgénio, AR, e a racemase a-
metilacil coenzima A, AMACR, já são conhecidos por terem especial interesse para a progressão do 
CaP, e por serem utilizados como apoio nos diagnósticos executados pelos médicos patologistas. O AR 
é um recetor nuclear ativado pela ligação de hormonas androgénicas, como a testosterona. Este é muitas 
vezes encontrado sobre-expressado nos tumores. Contudo, quer a sobre-expressão, quer o silenciamento 
deste gene, são ambos fenómenos relacionados com a transição para um estado independente de 
androgénios que, por sua vez, está relacionado com um pior prognóstico para os doentes. A AMACR é 
uma enzima que tem um papel importante no metabolismo dos ácidos gordos, e também se encontra 
muitas vezes com níveis elevados no CaP. A PSMA (antigénio membranar especifico da próstata) é uma 
glicoproteína transmembranar não secretada, normalmente também encontrada elevada no CaP. O Ki-
67 é uma proteína nuclear que marca células em proliferação, e a percentagem de expressão desta 
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proteína está muitas vezes correlacionada com a progressão clínica de vários cancros, o da próstata é 
um deles.  

Este projeto faz parte de um estudo piloto, no qual o objetivo é gerar um algoritmo inovador 
para o diagnóstico e seguimento da doença, utilizando dados clínicos retrospetivos, juntamente com 
dados fenotípicos e moleculares, permitindo fazer uma seleção de quais os doentes com CaP-OM que 
terão maior probabilidade de beneficiar com um certo tratamento e, consequentemente, maior 
probabilidade de sobrevivência. Assim, este projeto em específico tem o intuito de fazer uma descrição 
de alguns casos CaP-OM, abrindo caminho para uma possível caracterização do estado OM, através de 
diferenças encontradas entre os fenótipos moleculares nas amostras das biópsias prostáticas iniciais e 
das metástases, comparando também os resultados dos pacientes já falecidos com os que ainda estão 
vivos e a responder aos tratamentos. 
 No momento do diagnóstico, os oito pacientes apresentavam uma idade média de 61,9 anos e 
um PSA inicial médio de 11,3 ng/mL. A maior parte deles apresentava tumores no estágio TNM 
(“Tumor, nodes, metastasis”) de T2, ou seja, tumores primários confinados na próstata. 

Nesta coorte de pacientes o local mais comum de primeira metástase foi nos nódulos/órgãos 
linfáticos, seguidos por metástases no osso, pulmões e cérebro. O caso único de metástase na glândula 
adrenal constitui uma metástase atípica do CaP. O local da primeira metástase e distribuição das 
metástases têm mostrado ter grande impacto na prognose clínica e probabilidade de sobrevivência destes 
doentes. Dois destes doentes, que apresentavam semelhante diagnóstico inicial e percurso clínico de 
tratamento, exibiram evoluções clínicas muito diferentes, um deles falecendo por progressão cerebral. 
Nestes a grande diferença foi o local da primeira metástase. Aquele cuja primeira metastização foi no 
osso exibiu uma evolução tumoral mais rápida, não respondendo aos tratamentos, quer de terapia 
hormonal quer de radioterapia. A radioterapia tem um papel muito importante no controlo tumoral e na 
cura de todos os doentes. No entanto, e tal como podemos concluir com o grupo de doentes estudados, 
muitos são tratados com terapia hormonal, utilizada especialmente como primeiro tratamento, para além 
da cirurgia (prostatectomia radical ou parcial). O segundo tratamento, esse sim, é normalmente 
radioterapia, SBRT (stereotactic body radiotherapy), SDRT ou ambos.  
 A microscopia de fluorescência parte do principio da utilização de feixes de emissão de luz 
fluorescente com diferentes picos de excitação no espectro visível da luz. A microscopia multiespectral 
utiliza vários filtros de longa emissão que permitem a captura do sinal de emissão de mais de cinco 
biomarcadores diferentes, pela utilização de anticorpos marcados com tags fluorescentes, cujos picos 
de excitação e emissão são distintos, e não sobreponíveis. Após a criação de uma “biblioteca 
multiespectral” com os picos de emissão para todos os marcadores utilizados (AMACR, AR, CK18, Ki-
67, PSMA) e DAPI, foi possível obter imagens complexas que continham uma grande quantidade de 
informação molecular. A análise semiautomática das imagens de amostras de cancros primários e 
metástases permitiu observar que as metástases apresentavam maior heterogeneidade intratumoral, com 
grande variação na expressão dos biomarcadores. 
 Três pacientes, um deles morto, permitiram fazer uma comparação dos fenótipos moleculares 
das amostras primárias com metástases, fazendo uma observação da progressão tumoral ao longo do 
tempo. Nestes doentes, as alterações examinadas entre biópsias separadas no tempo foram significativas 
para os marcadores PSMA e AMACR. Para além desses, o Ki-67 apresentou sempre um aumento de 
expressão estatisticamente significativa, revelando o potencial deste biomarcador como indicador de 
progressão tumoral. 
 A análise de sobrevivência, pelas curvas Kaplan-Meier, apresentou resultados interessantes pois 
observámos que doentes apresentaram níveis baixos de marcadores como AR e Ki-67 exibiram maior 
probabilidade de sobrevivência.  
 A análise de todas as amostras possibilitou a identificação de um possível fenótipo ao qual 
corresponde maior agressividade tumoral, associado a um pior cenário clínico e a uma maior 
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probabilidade de recorrência tumoral. Este corresponde a uma elevada expressão do AR, Ki-67 e 
possivelmente também dos marcadores AMACR e PSMA, embora estes apresentem uma expressão 
mais variada entre os pacientes. A perda de expressão de biomarcadores como AR e PSMA, também 
mostrou ser um sinal de progressão, observado nalguns pacientes com pior prognóstico. Todos os 
pacientes que apresentaram o Ki-67 sobre-expressado, com valores acima dos 20%, não responderam 
aos tratamentos e acabaram por morrer da doença. Tal insinua que este marcador poderá ter elevada 
importância como ferramenta para gestão clínica de pacientes num estado mais avançado da doença, 
assim como para previsão da progressão tumoral e resposta aos tratamentos, nomeadamente RT. 
  
Palavras-chave: Cancro da Próstata, Oligometástases, Imunofluorescência, Microscopia multiespectral, 
Biomarcadores 
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Abstract 
 

Prostate Cancer (PCa) is the most common malignancy affecting men. PCa is a clinically 
heterogeneous disease, both histologically and clinically, what implies variability in patient outcomes. 
Novel biomarkers for outcome prediction are urgently needed aiding the postoperative monitoring of 
high-risk patients. Our working hypothesis contemplates that Oligometastatic PCa (OM-PCa) represents 
a potentially curable early metastatic phase. This project included eight OM-PCa retrospective 
consented patients who received radiotherapy (RT) treatment at the Champalimaud Clinical Centre, for 
whose we got eleven tissue samples in FFPE blocks corresponding to primary tumor and metastasis. 
Using a multiplex immunofluorescence (IF) assay and multispectral microscopy we analysed the 
expression of multiple biomarkers (CK18, AR, AMACR, PSMA, and Ki-67) and DAPI as a counterstain 
in a single image, quantifying the expression levels in a semi-automated way using an open image 
analysis software. 

This project aimed to generate a novel diagnostic algorithm for OM-PCa using retrospective 
clinical data, molecular and phenotypic signatures of tissue samples, eventually enabling the 
stratification of patients per individual risk, possible phenotypic signatures and tumor response to 
treatments. 

The eight patients presented a mean age and PSA at diagnosis of 61,9 years, and 11,3 ng/mL, 
respectively. After the initial diagnosis, the great majority of the patients underwent hormone therapy 
(HT) or surgery (radical prostatectomy – RP). The most common second and third treatments, 
corresponded to RT, either SBRT (stereotactic body radiotherapy) or SDRT (single dose radiotherapy). 
Out of the eight patients, three died of the disease with a mean follow-up of 111,6 months, and another 
three, for whose we had more than one tissue sample available, allowed the analysis of changes in the 
tumor phenotype with time. The potential of the multiplex IF technique in research is vast, since it allows 
the visualization and quantification of multiple biomarkers that are spatially distributed along the tissue 
and co-expressed at the sub-cellular level. The comparison between the molecular phenotypes of the 
primary PCa and metastatic samples showed that the later tissues presented greater biomarkers 
expression variability amongst patients. Ki-67 showed an interesting and statistically significant 
increase in time, being overexpressed in all analysed metastatic tissues, suggesting that this marker may 
be associated with tumor progression and the acquisition of a more aggressive phenotype. The impact 
of the metastasis site in the patient’s prognosis and probability of survival has received growing 
importance, showing that patients whose first metastatic site is the bone present higher probability of 
recurrence and tumor progression, which was observed in this group of patients. 

In conclusion, a possible aggressive molecular phenotype, associated with a worse disease 
scenario and shorter recurrent-free survival, would present high expression of AR, Ki-67 and possibly 
overexpression of AMACR and PSMA, although these latter are very heterogeneously expressed along 
metastatic samples.  
 
Key-words: Prostate Cancer, Oligometastasis, Immunofluorescence, Multispectral microscopy, 
Biomarkers 
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1 INTRODUCTION 
 
1.1 Cancer of the prostate  

Prostate cancer (PCa) is the most common malignancy affecting men in the world,1 and it has 
an incidence of 22.8% in Europe.2 This type of cancer is more frequent in men older than 60 years old 
and is responsible for 9.5% of cancer-related deaths in men,2 more specifically, the lethal form of 
castrate-resistant prostate cancer (CRPC).3 Differences between prevalence in geographically distant 
populations suggest that lifestyle and environmental risk factors can be an influence on the incidence.4  
 
1.1.1 The prostate gland 

The prostate gland is an exocrine gland and one of the male reproductive accessory glands, with 
an important role in male fertility, which relies on the composition of the secreted prostatic fluid. This 
gland can be affected by several benign and malignant diseases that can be a threat to male fertility and 
normal urinary function.5  
 
1.1.2 Characterization of adenocarcinomas of the prostate and grading 

Cancers of the prostate are, in the majority, adenocarcinomas,6 mostly acinar adenocarcinomas 
originating in the luminal cells of prostatic glands. They are characterized by proliferation of cells that 
resemble luminal cells, both morphologically and phenotypically, and usually by the absence of basal 
cells.7,8 However, more recent papers question if PCa can also be originated from basal cells.9 PCa are 
histologically graded with the renowned Gleason grading system, which consists on the analysis of the 
glandular pattern and degree of differentiation, dividing them into five grades, from 1 to 5.10,11 This 
grading system is considered one of the prognostic markers of PCa after being transformed into the 
Gleason Score, GS (sum of the two most frequent Gleason grades present in the tumor), and more 
recently, into five prognostic grade groups.12 
 
1.1.2.1 High grade prostatic intraepithelial neoplasia and the initiation of PCa 

High grade prostatic intraepithelial neoplasia (HGPIN) yields insights into the initiating events 
of PCa, being the most likely precursor of invasive carcinomas.13,14 HGPIN can be found in most cases 
accompanying prostate adenocarcinomas, and is described by dysplasia and proliferation of the normal 
luminal cell layer of prostatic ducts, without invasion.13 This architectural alteration is probably a 
progression event, representing an intermediate state between benign prostatic epithelium and cancer, 
that is evident by the manifestation of some characteristics also present in carcinomas, such as focal 
disruption of the basal cell layer, loss of secretory differentiation markers, nuclear and nucleolar 
abnormalities, increasing proliferative potential, DNA alterations and allelic loss.15  

 
1.1.3 PCa, increasing age and genetic alterations 

There is still no clear evidence as to what can trigger PCa, but hormonal factors are involved, 
and dietary habits may have an indirect effect.16 Increasing age and ethnicity are identified risk factors 
of PCa,17 and family history is another established risk factor, due to the genetic inheritance of mutations 
in specific PCa-related genes.4,18 The genetic alterations found in PCa are mainly gene fusions of 
androgen-regulated promoters with ERG (ETS related-gene) and other members of the ETS 
(erythroblast transformation-specific) family of transcription factors,19,20 losses and genetic 
amplifications, like the well-known overexpression of the androgen receptor (AR) gene,21,22 suggested 
to emerge in response to androgen-deprivation therapy (ADT). The TMPRSS2:ERG gene fusion is the 
most common molecular alteration, found in 40 to 50% of PCa tumors.23 Contrary to many solid tumors, 
PCa is characterized by a low frequency of somatic point mutations, being genes such as SPOP (speckle 
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type BTB/POZ protein), TP53 (tumor protein p53), FOXA1 (forkhead box A1), PTEN (phosphatase 
and tensin homolog) and IDH1 (isocitrate dehydrogenase 1, cytosolic) the most frequently mutated.20,24 
Very rare, but associated with increased risk of lethal PCa, is the inherited BCRA2 mutation, affecting 
the tumor suppressor gene, essential for the correct functioning of the DNA repair machinery.25–27 
Tumors of the prostate can also have variations in DNA copy-numbers. Whereas in more aggressive 
primary and metastatic tumors there can be found various copy-number alterations, indolent and low-
Gleason nurse fewer alterations.20,28 

 
1.2 Diagnosis and treatment 

From a clinical point of view, PCa can be diagnosed as being local or advanced disease.18 
Around 20% of patients with local disease will experience relapse to aggressive metastatic disease in 
the following five to ten years,29 being responsible for the great majority of cancer related deaths. This 
happens due to the high variability of localized PCa, in which, while some men have aggressive cancer 
that metastasizes and leads to death, many others have indolent tumors that can be cured with therapy 
and/or observation,20 staying alive with or without evidence of disease. 

 
1.2.1 PCa diagnosis and risk stratification  

The management of PCa is very important, and is done by stratifying patients according to risk, 
differentiating between aggressive or indolent disease.30 The D’Amico classification system, published 
in 1998,31 aimed for the prediction of PCa progression, and suggested the stratification of patients into 
groups with a low, intermediate, or high-risk of recurrence after radical prostatectomy (RP) or radiation 
therapy (RT). This system was broadly accepted and it shaped the guidelines currently used in clinical 
management practice for PCa,32,33 which employs an initial diagnosis based on blood serum levels of 
the prostate-specific antigen (PSA) protein, also known as kallikrein-related peptidase 3 (KLK3), and 
digital rectal examination (DRE). A transrectal ultrasonography (TRUS) is a detection method that can 
also be used. However, a positive prostate biopsy result, performed by a pathologist, is necessary for a 
definitive positive PCa diagnosis.16,32,33 The posterior stratification into risk groups is based on the 
clinical TNM (tumor, nodes, metastasis) stage34, diagnostic PSA level, biopsy GS and number of 
positive biopsies.30,32,33 

 
1.2.2 PSA blood test as a screening and diagnosis tool 

PCa diagnosis and management has long implemented a biomarker as a screening tool. Serum 
PSA screening has been used for over twenty years as a monitoring tool after substituting another 
glycoprotein specific for prostatic epithelial cells, the prostatic acid phosphatase (PAP).35 PSA was 
officially approved as a screening tool by the U.S Food and Drugs Administration in 1994, defining 4.0 
ng/ml as the cut-off,36 which remains unchanged. However, PSA screening has been the target of many 
controversies,36–38 mostly due to the lack of evidence of a reduction in mortality rates,36 and the test’s 
poor specificity,16,29,37 which leads to overdiagnosis and overtreatment of patients with latent disease,29 
forcing them to live with the strict consequences of radical surgical treatment, such as pain, impotence, 
incontinence, infertility and others.16,37 This limitation of the specificity for cancer can be attributed to 
the frequent non-malignant disorders affecting many men, including benign prostatic hyperplasia (BPH) 
and prostatitis, which may cause elevations in serum PSA levels,39 misleading the diagnosis. 

PSA level has also been used in management as a predictor of recurrence after treatment, using 
the nadir PSA (nPSA) as the baseline for treatment follow-up. The nPSA is the lowest measured PSA 
post-treatment, usually achieved four to six weeks after RP, and can be used to forecast the patient’s 
outcome. After RP surgery, PSA level should be less than 0,1 ng/mL40, and should be maintained 
unchanged. Biochemical recurrence is then defined with a cut-off of more than 0,2 ng/mL following 
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primary cancer treatment, indicating incomplete resection or metastatic progression.41 There are several 
suggestions as to the cut-off in the rise of PSA above the nPSA to define recurrence following RT 
treatments. Still, many use levels of 0,5 ng/mL or less as indicator of possible recurrence after irradiation 
treatments.42 Patients with advanced stage, i.e. metastatic PCa, initially respond well to HT, but many 
times end up progressing to CRPC. A lower limit of the nPSA of 1,1 ng/mL showed promising results 
as a predictor to hormone refractory PCa, following hormone therapy (HT).43 

 
1.2.3 Treatment 

Treatment for PCa ranges from surveillance to radical local treatment, namely RP, with or 
without lymph node dissection (LDN), external beam radiotherapy (EBRT), chemotherapy or 
adjuvant/HT, for example ADT.18,32 The treatment strategy is defined according to initial PSA serum 
level, disease grade, the patients age and general condition, and family history.16,32 For patients with 
advanced disease, such as metastatic patients, included in the high-risk group, the most commonly used, 
and recommended, treatment is hormonal therapy combined with RT.16,32,44 These patients need to be 
highly surveyed in order to perceive if the cancer progresses to a more aggressive state, named androgen-
resistant or CRPC.32,45 

 
1.2.3.1 The importance of Radiation Therapy and dose administration 

RT plays an essential part in cancer treatment and contributes to the cure or palliation of many 
cancer patients. Is used to treat up to 50% of cancer patients and is responsible for 40% of management 
of cured patients.46–48 The ultimate objective of curative RT is to eliminate all cancer stem cells (CSC), 
the ones capable of recurrence, in the primary tumor and adjacent lymph nodes, or in oligometastatic 
(OM) disease, while limiting the impairment caused in normal healthy tissues.48,49 Over the past decades, 
developments in RT technology, such as intensity-modulated radiotherapy (IMRT), image-guided 
radiation therapy (IGRT) and stereotactic body radiotherapy (SBRT), have allowed improved precision 
in the delivery of radiation and dose escalation, while decreasing the associated morbidity.50 
Conventional fractionated RT, which consists in dividing the prescribed radiation dose over several 
treatment sessions, resulting in a dose escalation32,50,51, is the suggested approach using radiation 
treatments.32,33 This RT treatment usually involves the delivery of single 1.8 to 2 gamma rays (Gy) 
fractions, 5 days per week for 8/9 weeks, resulting in a total dose of 76 to 80 Gy.32,50,51 

 
1.2.3.1.1 Hypofractionated RT and its advantages  

For clinically localized PCa there are some studies supporting RT treatment using 
hypofractionated SBRT,50,52 consisting in the delivery of doses in smaller fractions, in response to the 
more sensible nature of this tumors.50,53 The application of this hypofractionation technique is now 
possible due to the technological advances in image-guided treatment delivery systems, making it 
possible to precisely apply radiation into the tumor, while massively minimizing the radiation dose to 
the surrounding tissues, resulting in a better tumor control.47,50,52 The introduction of advanced imaging 
systems, such as positron emission tomography (PET), computed tomography (CT), magnetic resonance 
imaging for gross tumor volume (GTV) delineation and the ability to verify the accuracy of the treatment 
in real time with IGRT, have contributed greatly to the amazing evolution and success of RT 
treatments.53 For OM-PCa patients, trials have shown that the application of radiation in a single 
fraction, single dose radiotherapy (SDRT or SD-IGRT), namely one dose of 24 Gy instead of 3 fractions 
of 9 Gy,51,53 has advantages in controlling OM tumors, resulting in better overall outcomes.52–54 
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1.3 PCa metastasis 
The ability that cancer cells have to disseminate and form metastasis, in a complex multistep 

process, colonizing distant tissues and organs, is what makes cancer an unpredictable and deadly disease, 
responsible for 80-90% of cancer-related deaths.55–58 

 
1.3.1 The oligometastatic state 

The state of tumor development is reflected in the likelihood, number and sites of the 
metastasis,59 and PCa patients are divided into two groups according to the number of metastasis, namely 
polymetastatic (PM) or oligometastatic (OM).54 Hellman and Weichselbaum first proposed a clinically 
significant state of oligometastasis in 1995,59 defining it as an intermediate state of cancer spread 
between localized and widespread metastatic disease, where a patient has a limited number of distant 
metastasis, up to five lesions, and where the primary tumor can be in a controlled state.54,60–62 The 
treatment strategy for OM-PCa is not clear due to the lack of uniformity in describing the condition,60 
however, the idea of OM disease has its foundation around a stepwise progression where a cancer 
initially metastasizes in a limited way, before acquiring the capability of a widespread PM disease, with 
more than five metastasis.60,63 Contrary to widespread PM disease, OM patients may benefit from 
metastasis-directed local treatment. 61  

 
1.4 Biomarkers, PCa diagnosis and management  

 
1.4.1 The need for new biomarkers: state of the art 

Regarding the biomarkers used for PCa diagnosis, prediction and management, it’s clear that 
the currently used diagnostic tests provide limited information regarding the progression potential of a 
patient’s cancer.64 Thus, there is an urgent need for novel biomarkers that can be used to stratify PCa 
aggressiveness, differentiating between low and high-risk disease, complementing serum PSA test, and 
providing a more precise tool in clinical management.4,29,36,38 There are already many promising 
biomarkers for PCa, known for being implicated in the progression of the disease. Biomarkers such as 
the α-methylacyl coenzyme A racemase (AMACR), the AR gene, prostate-specific membrane antigen 
(PSMA), RNA markers,65–68 and more recently, epigenetic alterations29 have been targets of interest. 
AMACR is an enzyme that plays a critical role in the peroxisomal beta oxidation of branched chain fatty 
acid molecules, can be found in molecular vesicles in the cytoplasm,69,70 and has been associated with 
higher PCa risk and aggressive disease.36,71,72 After its discovery, this biomarker started being used in 
clinical pathology as a combined immunohistochemistry (IHC) test with p63, allowing a clearer 
differentiation between normal glands and cancer, the later characterized by expression of AMACR and 
loss of p63 due to lack of basal cells.36,70 The AR gene has long been suggested as the possible mediator 
for androgen-independent progression,73,74 leading to CRPC, due to the different variants, mutations and 
polymorphisms that have been and continue to be found in PCa.73,75–78 This gene comprises three 
domains: a N-terminal domain, a central DNA-binding domain and a C-terminal ligand-binding domain 
(LBD),79 the latter controlling the activation and transportation of the AR protein from the cytoplasm to 
the nucleus, upon ligand binding followed by a conformation change. When unligated to androgens, the 
AR remains retained in the cytoplasm, in an inactive form. However, some PCa tumors express the 
alternative spliced variants, namely the AR-V7 (AR splice variant 7), the most commonly found variant, 
in which the truncation leads to a lack of the LBD domain. Therefore, the cells no longer require ligand 
binding for nuclear localization and can mediate AR activity that confers resistance to ADT, such as 
Abiraterone and Enzalutamide drugs, thus leading to the aggressive CRPC phenotype. PSMA is a type 
II transmembrane glycoprotein that can be found mostly on prostate epithelial cells and it’s not secreted, 
contrary to PSA.80–82 This protein has gained increased attention as a prognostic PCa marker because it 
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is commonly found up-regulated in cancer cells, correlating with high tumor grade and high risk of 
advanced disease.83–87 PET-CT using PSMA as target for imaging has gained interest in management of 
PCa patients,88,89 due to the lack of specificity of probes targeting PSA.  

 
1.5 Anatomic pathology and personalized medicine 

Nowadays, the practice of diagnostic anatomic pathology often generates fragmented 
information, but pathology diagnosis in the context of personalized medicine has progressed to a more 
evidence-based practice, resulting in the creation of many tests performed in tissues or molecularly, 
providing information about the prognosis and response to therapy. However, the information that can 
be extracted from histological slides (Figure 1.1A), paraffin blocks and formalin-fixed paraffin-
embedded (FFPE) sections, has much more to give that what is being currently used in clinical 
pathology.90–92  

 

 
Figure 1.1. Representative images for histological slides with H&E (A) and IF (B) staining methods. Image A displays a classic 
H&E slide image of a prostate tumor, which is the currently imaging method used for pathologists in PCa diagnosis. Image B 
corresponds to the multiplex IF staining of the same patient case as image A. Arrows in image A: red blood cells.  

 
1.5.1 Systems Pathology: an uprising prediction tool for PCa management 

Based on this, the concept of Clinical Systems Pathology was created several years ago.92 This 
methodology consists in compressing data of image analysis, pattern recognition, and biomarker 
multiplexing imaging,93,94 by creating an integrated and multidisciplinary methodology as a possible 
predictive clinical diagnosis tool, incorporating information that goes beyond pattern recognition, such 
as Gleason grade. It could, eventually, have an application in personalized medicine by incorporating 
tumor diagnosis, patient prognosis and possible prediction of response to treatments, as well as the 
probability of experiencing a specific outcome over time.91,95,96 Many of the studies applying the 
Systems Pathology model used PCa as the cancer prototype,93–97 since this type of cancer is lacking 
good prognosis prediction tools. This model provided a way to use FFPE sections in a reliable way, 
extracting quantitative phenotypic data from them, by the development of a quantitative multiplex 
immunofluorescent (IF) spectral approach that measures biomarker expression levels in FFPE cuts using 
fluorescent tagged antibodies (Figure 1.1B).94–96 Thus, this resulted in some tissue-based, molecular-
driven assays that provide information regarding prognosis and response to therapy of PCa patients, 
representing a major advance in the standard practice of tissue-based pathology.90–92,95 

 
1.6 Circulating cell free DNA as a liquid biopsy for cancer 

During tumor formation, cancer cells are discharged into the circulation, known as circulating 
tumor cells (CTCs). The breaking of tumor cells, both in the primary tumor and CTCs, and from cells 
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of the tumor microenvironment, leads to the release of circulating cell-free DNA (cfDNA) into the 
bloodstream.98,99 The cfDNA consists of highly fragmented DNA strands, with lengths between 180 and 
200bp,99 and is found with increased concentrations in cancer, and is associated with tumor 
progression.100,101 Another step towards precision medicine is the liquid biopsy, consisting in the 
quantification and molecular analyses of cfDNA from blood samples.102 This concept has gained 
significant attention in the cancer field especially as a tool for biomarker discovery, aiming to use this 
as a diagnostic, replacing invasive techniques such as tissue biopsies, and follow-up tool,99,101–103 for it 
delivers the possibility of taking successive blood samples at several time-points, consequently allowing 
the tracking of changes in cfDNA during the natural course of the disease and/or during cancer 
treatment.99,101,102 
 
1.7 Quantitative analysis of biological images 

Over the last years there has been a great increase in the amount of bioimaging informatics tools 
available, differing in their intended application, usability, openness and costs. Imaging software for 
biological analysis allow the extraction of biologically meaningful quantitative data from microscopy 
images.104,105 There are multiple open-source software options for image analysis namely ImageJ™, 
CellProfiler™, inForm® Cell Analysis™ (PerkinElmer) and QuPath™106. From these, inForm is the 
only application that is not open, its algorithms enable a quantitative per cell analysis of IHC and IF 
images in single and simple multiplex assays. This software also allows tissue and cell/object 
segmentation, based on the tissue morphology, for example stroma versus epithelium, and on the 
cellularity, segmenting cells in nucleus, cytoplasm and membrane. Phenotyping of cells is also possible 
using the images’ spectral data. CellProfiler and QuPath are both versatile and easy-to-use open-source 
platforms, that allow exploring, analysing data from image-based experiments and performing cell-
based quantitative analysis, such as cell counting and classification. Above all, QuPath is a platform 
developed for pathology image analysis, and as so, allows a quick pathological analysis and biomarker 
interpretation for whole slide H&E or IF image analysis. 
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2 HYPOTHESIS AND PROJECT GOAL 
 

Our hypothesis contemplates that a OM-PCa state exists that corresponds to an early metastatic 
stage and presents specific molecular alterations. This project consists in a pilot study in which, using 
retrospective clinical data, and genomic and phenotypic signatures, we are aiming to generate a novel 
diagnostic algorithm to define the molecular characteristics of OM-PCa. This will allow the selection of 
candidates with OM-PCa for a treatment approach that renders long-term disease-free and higher overall 
survival in settings presently associated with dismal prognosis. The main goal of this project is to analyse 
some OM-PCa cases searching for differences in the molecular phenotype of metastatic versus primary 
prostate cancer (on biopsy or prostatectomy samples) from alive and deceased patients, by using a 
quantitative multiplex IF approach. 

 
 
 
 
 
 
 
 
  



 8 

3 PATIENTS AND METHODS 
 
3.1 Subjects and samples 

This study was approved by the Ethics Committee of the Fundação Champalimaud: all patients 
whose specimens were used for the experiments performed in this thesis had signed a consent permitting 
the use of their biological samples for research purposes, for this project and future related projects. The 
study cohort consisted of men with OM-PCa, with up to three metastatic lesions, and most of them 
presented with two or three metastases. However, as it’s very common in cancer treatment management, 
some of the patients were not biopsied for their metastasis since this would include an extra procedure 
which sometimes is not needed since there was no doubt regarding the nature of the lesion (for example, 
an increase in PSA in a patient with a previous PCa, whose PET-CT shows appearance of new lymph 
nodes, which are labelled with PSMA). In these cases, the patients are treated right away either with 
hormonal, chemo or radiotherapy. As so, we managed to analyse eleven samples from eight patients 
(Table 4.3) out of the 29 OM-PCa cases initially identified, six of them from metastatic sites. The eleven 
FFPE blocks were sectioned in the Department of Pathology of the Champalimaud Clinical Centre, 
resulting in sections of 5 µm, that were used for the multiplex IF assay.  
 
3.2 Multispectral Microscopy 

Fluorescence images were acquired using a CRI Nuance multispectral camera mounted on a 
Nikon 90i automated fluorescence microscope (at magnification 200x), and controlled by MetaMorph 
software. DAPI was recorded between 460 and 480 nm, Alexa 488 was captured between 510 and 560 
nm in 10 nm intervals. For the Alexa 647, recorded between 640 and 710 nm, and Alexa 555, recorded 
between 560 and 630 nm, custom-made long pass filters were used, as previously specified.94,96 Both 
Alexa 594 and 568 were captured using the same filter, recorded between 580 and 650 nm (Figure 4.2). 
Specific regions of interest (ROIs) were selected using the Nuance software for image analysis, to create 
a spectral library necessary for the spectral un-mixing process of the images. The background noises 
were detected and removed, obtaining an image with all biomarkers’ individual fluorophore signals. 
Two multispectral libraries were created, one for a faint DAPI and other for a strong signal, to prevent 
losing the DAPI information in tumor areas where other nuclear biomarkers could mask the signal. 

 
3.2.1 Quantitative Multiplex biomarker immunofluorescence assay 

We used a previously reported multiplex IF spectral assay optimized as a penta-plex image 
generated at Mount Sinai, NY,94,96 that analysed the presence of the chosen PCa characteristic 
biomarkers in FFPE sections using fluorescent tagged antibodies, allowing the visualization of multiple 
antibodies in a single tissue section. For this project, we modified the previously reported multiplex 
interchanging one of the markers (described in the results section). Our new IF protocol integrated five 
antibodies (Table 3.1), organized and incubated in three antibodies sets (Table 3.2).  
 
Table 3.1. List of all primary antibodies used for the multiplex IF protocol. 

Antibody name Clone Source Catalog # Company 
AMACR (13H4) Monoclonal Rabbit M3616 Dako 
Androgen Receptor (D6F11) Monoclonal Rabbit 5153S Cell Signalling 
PSMA (1D6) Monoclonal Mouse NCL-L-PSMA Leica, Novocastra 
Cytokeratin 18 (E43-1) Monoclonal Rabbit Ab32118 Abcam 
Ki-67 (MIB-1) Monoclonal Mouse M72401 Dako 
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All primary antibody sets are incubated for 1 hour at room temperature, followed by incubation 
of the secondary sets for 30 min, also at room temperature. The first antibody set consists of AMACR 
(1:1500) and PSMA (1:50), the second antibody set is with CK18 (1:100) and Ki-67 (1:300), and the 
third and last antibody set consists only of AR (1:100). All secondary antibodies were diluted to 1:100, 
except R647 that was 1:50.  
 
Table 3.2. Antibody sets used for the IF multiplex assay in a multistep protocol. In each antibody set the primary antibody/ies 
was/were incubated first, followed by the secondary, and then another antibody set, using the same method (R stands for rabbit, 
M stands for mouse) 

Antibody set Primary antibody Secondary antibody 

1 
AMACR Alexa Fluor R594 
PSMA  Alexa Fluor M555 

2 
CK18 Alexa Fluor R647 
Ki-67 Alexa Fluor M488 

3 AR Alexa Fluor R568 
 
For the multi-step staining, the FFPE sections were first dewaxed, followed by an antigen 

retrieval step, that were performed in an automated Bond staining machine (Bond MAX, Leica 
Biosysytems), and then followed by the manual IF (Figure 3.1). FFPE sections of a PCa lung metastasis 
were subjected to the same quantitative multiplexing IF assay as a positive control for the staining. 
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Figure 3.1. Scheme of the multistep protocol for multiplex IF. Steps 1 and 2 are performed in the Pathology Department. Steps 
5-6 are repeated for each antibody set, meaning that the antibody set 1 is applied, primary and secondary, followed by antibody 
set 2 and 3, in the same way. Washes with Bond Wash (Leica Biosystems) were performed between the antibody incubations. 

3.2.2 Multispectral library 
The multispectral library (Figure 4.4) was constructed using specific tissue staining and the 

Nuance software for correct spectra isolation. 
 
3.2.3 Image Analysis 

Multiple images of tumor regions were acquired for each patient, followed by an analysis of 
small selected regions of interest (ROIs) or using the whole image when tissue was small. For each 
sample, a minimum of five images were analysed, with a mean of 832 cells analysed per sample. 
Depending on the density of cells in each metastasis, more images were analysed, if necessary. The 
evaluation of the levels of expression of the markers was performed using an open software, QuPath, 
by doing a semi-automated counting of cells and obtaining the values of percentage of cells expressing 
each biomarker (supplementary data: Figure 8.2 and Figure 8.3). For the cytoplasmic markers, a cell 
was counted as expressing the marker if there was signal present in the cytoplasmic regions surrounding 
cell’s nucleus. A trial for the QuPath system was performed, comparing results and ensuring the 
reproducibility of the analysis. All images were scaled using ImageJ. 

The analysis of the images was adapted to the different tissues where the tumor was located, 
either lymph node, lung, bone or suprarenal gland, because the markers are differently expressed in the 
different tissues and some unspecific expression can sometimes be found. Above all, the tumor appeared 
distinctively in the different metastasis so, to correctly identify the tumor, it’s necessary to use 
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empirically recognition of the characteristics of prostate tumor cells. These characteristics include the 
size of nuclei, higher ratio nuclei/cytoplasm, and multiple and visible nucleoli.  

 
3.3 DNA and RNA extraction from FFPE sections 
 DNA and RNA were extracted using the MagMAX™ FFPE DNA/RNA Ultra Kit 
(ThermoFisher, #A31881), according to the manufacturer’s instructions. This kit uses magnetic beads 
to extract DNA and then RNA. It starts with a step of deparaffinization of the FFPE slides with xylene 
and alcohol, followed by the extraction of the nucleic acids.  
 
3.3.1 Quality assessment of DNA by PCR 

A quantity of 10 ng of DNA was used to run a PCR of CENP-A (primers are summarized in 
Table 3.3), to assess the quality of the extracted DNA. Amplification consisted of an initial denaturation 
for 3 minutes at 94ºC, followed by 35 cycles of melting at 94ºC for 30 seconds, annealing at 60ºC for 
30 seconds and extension at 72ºC for 35 seconds. After PCR, DNA was quantified using the Nanodrop™ 
2000 platform for quantity and quality. The PCR product was run in a 2% agarose gel containing GelRed 
dye for presence of a band of 548bp. 

 
Table 3.3. Forward (Fwd) and reverse (Rev) primer sequences for the housekeeping genes CENP-A and GAPDH.  

Primers CENP-A GAPDH 
Fwd GGAACTCTCTCGTTTGTCCACCTTAG CAGCCTCAAGATCATCAGCA 
Rev GGGCTCAAAGGATTGTAGGAAAG GTCTTCTGGGTGGCAGTGAT 

 
3.3.2 Quantitative real-time PCR and conditions 

A quantity of RNA of 1µg for each sample was converted into cDNA using SuperScript III First-
Strand Synthesis kit (Invitrogen #18080-051) according to the manufacturer’s instructions. RNA 
concentration was quantified using Power SYBR Green PCR Master Mix (Applied Biosystems 
Biosystems #4367659) according to the manufacturer’s instructions. Reactions were carried out in 96-
well PCR plates using the Bio-Rad CFX96 system for qPCR measurement. Amplification consisted in 
an initial denaturation step for 15 min at 95 ºC, followed by 40 cycles of melting at 94ºC for 30 seconds, 
annealing at 60ºC for 40 seconds and extension at 72ºC for 40 seconds. All samples were run in 
triplicates, using the housekeeping gene GAPDH (Table 3.3) and a positive control cDNA. 
 
3.4 Statistical analysis 

Excel was used for data organization, and GraphPad Prism 6 was used for graph construction 
and statistical analysis. The data from single samples is presented as mean and standard deviation, and 
for the comparison between different samples from the same patient we used a multiple student’s t-test 
for paired samples, followed by a Sidak-Bonferroni multiple comparison method (****, ***, ** and *, 
denotes p-value <0.0001, <0.001, 0.001-0.01, and 0.01-0.05, respectively). A nonparametric Spearman 
rank correlation test was used to evaluate the correlation between different qualitative, clinical and 
pathological, variables, and the quantitative values for the biomarkers expression levels (two-tailed test, 
CI 95%). Kaplan-Meier curves representing the percentage of patient survival were performed by 
stratifying the patient’s samples using the median expression for some biomarkers and clinical data 
(Log-rank Mantel-Cox test for significance, p-value<0.05). 
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4 RESULTS 
 
4.1 OM-PCa cases studied 

From a cohort of 29 OM-PCa patients treated in the Department of Radiation Oncology at the 
Fundação Champalimaud, we managed to get eleven FFPE tissue samples from a total of eight patients 
which corresponded to one prostatectomy, four prostate biopsies, and six metastasis.  
 
4.1.1 Characteristics of first metastatic site and grading of the primary tumors 

The most common first metastatic site was the lymph nodes (LN) (Figure 4.1A), which occurred 
in four patients (57,1%). The other corresponded to one metastasis in the suprarenal gland (SR), very 
unusual (14,3%), and two to the bone (BM) (28,6%). Out of the metastatic samples, two belonged to 
the same patient, number 18 (Table 4.3). From seven out of the eight patients studied, we got the 
information regarding the GS of the biopsy samples. We observed that the most commonly attributed 
GS was of 6 (3+3), with a frequency of 28,57% (n=2) (Figure 4.1B). 

 
Figure 4.1. Pie charts summarizing the most common site for first metastasis (A) and the GS of the prostatectomy or prostate 
biopsy specimens from seven patients (B). 

Table 4.1. Clinical and pathological characteristics of the eight OM-PCa patients at the time of diagnosis. iPSA stands for 
initial PSA and cTNM is the clinical TNM staging of the tumor. 

Variable Total (n) 
Number of patients 8 
Age, years:  

Mean 61,9 
Range 57,1-66,7 

  
iPSA, ng/mL:  

Mean 11,3 
<10 3 

10−20 2 
≥20 2 

Missing 1 
Gleason Score:  

≤6 2 
7 2 
8 2 
≥9 1 

Missing 1 
cTNM:  

T2 4 
T3 1 
T4 1 

Missing 2 
Clinical follow-up, months:  

Mean 90,7 
Range 20,9-163,9 
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4.1.2 Clinical and pathological characteristics of the primary lesions 
The clinico-pathological characteristics at diagnosis for all patients are summarized in Table 

4.1. The mean age and PSA at diagnosis was of 61,9 years, and 11,3 ng/mL, respectively. Most of the 
patients (50%) presented a clinical TNM tumor staging of T2, meaning that the tumor is palpable by 
DRE and still confined to the prostate. One patient was diagnosed with a very advanced tumor stage, 
T4N1, where the tumor had grown into tissues adjacent to the prostate, and spread to one or more LNs. 

After the initial diagnosis, the great majority of the patients underwent hormone therapy (HT) 
or RP (Table 4.2). The most commonly used drugs for HT in PCa treatment are Zoladex, Bicalutamida, 
Abiraterone and Denosumab, all of them suppressing the production of sex hormones. As for the second 
and third treatments, the most common is RT, either SBRT or SDRT. Also in Table 4.2, we can see that 
six of the patients were treated with SDRT, and especially patient 29, whom was treated exclusively 
with SDRT for all metastasis. Out of the eight patients, three died of the disease, patients 10, 22 and 27, 
resulting in a mean age at death of 69,5 years. These patients were managed and remained alive during 
a period of 8, 6 and 14 years, respectively. The mean time from the diagnosis to the first RT treatment 
was of 63 months (range 9,7 – 147,6 months) and from diagnosis to death or last visit (clinical follow-
up) was of 91 months (range 20,9 – 163,9 months; Table 4.1), approximately 8 years.  
 
Table 4.2. Clinical treatment, tumor progression and follow-up management of the eight patients. CT – cryotherapy; RP – 
radical prostatectomy; EBRT – external beam RT; SDRT – single dose RT; SBRT – stereotactic body RT; WBRT – whole 
brain RT; BM – bone metastasis; LDN – Lymphadenectomy; LNs – Lymph nodes metastasis; N/A – not applicable; NED – 
no evidence of disease; DOD – dead of disease; AWD – alive with disease; m – months. 

Patient 
ID 

First Treatment Second 
Treatment 

Progression and 
Third Treatment 

Status Time from dx 
to 1st RT (m) 

Time from dx to 
death/last 

follow-up (m) 

Age at 
death/last 
follow-up 

10 
Hormone SDRT (Prostate 

and Iliac Bone) 
SBRT (multiple 
BM) + Brain 
progression 

DOD 
58,2 94,5 70,2 

15 

Hormone SDRT (Prostate, 
Seminal Vesicle 
and Adrenal 
gland) 

Adrenal and 
Lymphatic 
progression 

AWD 

55,0 90,8 64,7 

18 

RP Hormone SDRT (LNs) + 
Bone progression + 
Hormone + Radium 
223 + Chemo 

AWD 

102,2 138,6 78,3 

20 
CT + Hormone CT + Hormone SBRT + LN and 

BM progression + 
Hormone + SDRT 

AWD 
80,8 101,3 74,1 

22 
Hormone + 
EBRT 

SBRT (LNs) SDRT (LNs) + 
Hormone + Chemo 
+ Brain progression 

DOD 
42,7 76,3 68,3 

23 Electroporation + 
Hormone 

SBRT (Prostate + 
LNs) 

N/A NED 10,9 39,7 60,4 

27 
RP + adjuvant 
RT  

SBRT (LNs + 
BM) + CT 

Bone progression + 
WBRT  

DOD 
147,6 163,9 74,0 

29 RP + LDN SDRT (LNs) SDRT (LNs)  NED 9,7 20,9 65,8 
 
4.2 IF microscopy and image generation 

The IF microscopy technique takes advantage of light emission with different spectral peaks 
against a dark background. By using indirect IF, the fluorophores are conjugated to a secondary 
antibody, which is specific for the primary. Biological molecules always emit light at a longer 
wavelength than that of the exciting light, a phenomenon called Stoke’s Shift.107 The microscope used 
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has five long-pass filters, and for each, the spectra observed are captured, so that across all filters, the 
complete spectral properties of each independent signal can be effectively utilized for spectral unmixing 
(Figure 4.2). 

 
Figure 4.2. Representation of the emission spectra of all the antibodies used in the multiplex IF. The Nuance multispectral 
camera has five emission filters that allow the excitation of different fluorophores and the image capture of the following 
emission signal produced by the secondary fluorescent labelled antibody. 

The Nuance software was used for raw image visualization, library construction (Figure 4.4) 
and multispectral unmixing of the scanned images. In Figure 4.3, we can see how from an initial 
composite image before unmixing (Figure 4.3A), we get a final composite unmixed image (Figure 
4.3B), after the software uses the multispectral library to isolate the spectra corresponding to the 5 
markers, plus DAPI. 

 
Figure 4.3. Composite IF image of a FFPE section of a PCa prostatectomy before (A) and after (B) unmixing. The six images 
bellow show the isolated spectra signal for the five biomarkers (CK18, Ki-67, AR, PSMA, AMACR) plus the DAPI. DAPI is 
in blue, CK18 in magenta, Ki-67 in green, AR in orange, PSMA in yellow and AMACR in red. Scale bars – 100 µm. 

 

A B

DAPI CK18

AMACRPSMAAR

Ki-67
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4.2.1 Optimization of the multispectral library for the image unmixing process  
A multispectral library is what makes sure that the spectrum of interest from each specific 

marker of interest is separately imaged. Afterwards, the library allows the correct merging of all images 
together in a final composite. A good spectral library is essential for a reliable unmixing and quantitation 
of the spectral data. To accomplish this, it’s necessary to use a specific stained slides for library 
construction, so that correct examples of each fluorophore emission spectrum can be acquired, as well 
as a representative auto-fluorescence. Therefore, we performed double and single staining IF, using the 
same conditions as the multiplex IF protocol so that we could try to build a clearer spectral library using 
double-plex (AMACR, PSMA and CK18, Ki-67) and single-plex (AR) stained slides. We managed to 
construct a good multispectral library that was used to unmix all scanned images, allowing a good image 
analysis and antibody quantification. 

 
Figure 4.4. Multispectral library spectrum peaks for the five markers plus DAPI (seen on the right), built on Nuance software. 

4.3 Background and differences in the signalling between different scanned tissues 
While scanning the cases we noticed that the background noise varied greatly according to the 

tissue that was stained (e. g. prostate, lung, lymph node or bone marrow). Because of this, an experienced 
pathologist helped with sorting amongst specific signalling and false signal, background noise or auto-
fluorescence. Many biological materials are naturally fluorescent, what is called auto-fluorescence, and 
FFPE derived sections also show increased background due to the paraffin embedding the tissue, but 
this shouldn’t interfere with specific fluorescence labelling. To prevent this, auto-fluorescence is 
posteriorly removed with the spectral unmixing as unwanted background. 

 
4.3.1 Image analysis and background noises between different metastasis sites 

From the eight patients, we got metastasis from three distinct places in the body (Table 4.3): 
suprarenal, lymph nodes and bone (pelvis and vertebrae).  

 
Table 4.3. Patients ID and list of all the eleven samples that were analysed for each patient. SR – Suprarenal metastasis; LN – 
Lymph node metastasis; BM – Bone metastasis. 

Patient ID Primary sample First metastasis Second metastasis 
10 Prostate biopsy   
15  SR  
18  LN BM 
20 Prostate biopsy   
22 Prostate biopsy LN  
23 Prostate biopsy   
27  BM  
29 Prostatectomy LN  

 
We found great and unexpected differences in the final presentation of the unmixed image with 

all markers, particularly in the lymph nodes stained metastases. In these, the background from the green 
and yellow filters was always higher, and as so, the image analysis had to be more cautious, correctly 
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differentiating the antibody correct signal from the background signalling. The bone metastasis were the 
ones with less background noise, because tumor cells were mostly found in clusters, or mixed with 
erythrocytes, since these biopsies are of bone marrow. 

 
4.4 Optimization of the IF protocol for the metastasis cases 

The original IF multiplex protocol developed at Mount Sinai included Cytokeratin 5/6 (CK5/6) 
as part of the antibody set one (clone D5/16B4, catalogue #M7237, Dako). CK5/6 is cocktail of high 
molecular weight cytokeratins expressed by the basal cells of the normal prostatic glands, therefore 
allowing a quick identification of the normal glands versus PCa, which is characterized by the loss of 
these cells. Since in metastatic sites, normal prostate tissue is not present, we decided to replace this 
antibody for another one with interest for the analysis of the metastasis and relevant for PCa 
management. The choice was between PSA and PSMA, both known proteins in PCa diagnosis and 
follow-up. The antibody chosen had to be from a mouse source, so that it could be used with the 
corresponding anti-mouse secondary, the Alexa Fluor 555 (Table 3.2). After some literature review, 
discussion and evaluation of an IF trial, we settled that PSMA would be more interesting for the analysis 
of our cases, because it had a heterogeneous distribution along the tumor areas and was expressed only 
in the lumen of the glands or at the apical region of the cells, not masking the other biomarkers used. 
 
4.5 Case Results 
 
4.5.1 Primary PCa samples: 10B, 20B, 22B, 23B and 29P 

In a general way, all primary samples presented a high expression of AMACR and AR, being 
AMACR more consistent, with values of expression higher than 60% (Figure 4.5 and Table 4.4). Two 
prostate biopsy samples showed no PSMA expression at all, and through all tumor regions observed 
(Figure 4.5, 10B and 22B). Ki-67 had zero expression in the prostate biopsies 10B and 20B, and very 
low expression in samples 23B and 29P, with 0,7% and 0,6% of cells expressing Ki-67, respectively 
(Table 4.4). PSMA expression was very high in 20B, and of 50% in samples 23B and 29P. In Figure 
4.5, graph 22B, we can see that this sample presented the highest Ki-67 value of all the primary tumors. 

 
Figure 4.5. Mean percentage of biomarker expression in the primary lesions for all analysed ROIs of each sample/patient. 10B 
represents patient number 10 and B stands for prostate biopsy specimen. P stands for prostatectomy. 10B, 20B, 22B, and 23B 
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are all samples from prostate biopsies. 10B – n=5; 20B – n=3; 22B – n=6; 23B – n=5; 29P – n=5, where “n” represents the 
number of images/ROIs analysed for each sample/patient. 

4.5.2 Metastasis samples: 15M, 18M, 22M, 27M, 29M 
The analysis of the metastatic biopsies presented different biomarker values compared to the 

previous primary samples. In Figure 4.6, we can see that from all metastatic samples, the 29M LN 
metastasis was the one that exhibited higher levels of all antibodies, and in which PSMA, AMACR and 
AR expression was either 100% or very close (Figure 4.6 29M). PSMA was found highly expressed in 
15M, 18M1/2, and 29M, but there was no protein expression in 22M, and 27M displayed low levels of 
expression as well. The percentage of AR expression was close to 50% in four samples (Figure 4.6 15M, 
18M1, 18M2 and 22M, and Table 4.4) of three patients, and overexpressed in the sample 29M. The 
bone metastasis of patient 27 (Figure 4.6 27M), showed null AR expression, but exhibited the highest 
Ki-67 value in all metastasis samples, with almost 50% of expression (Table 4.4), which can be 
visualized in Figure 4.7. Differently, all other samples (15M, 18M1/2, 22M, 29M) had lower Ki-67 
percentages, being that the lowest values belonged to 18M1 and 29M.  

 
Figure 4.6. Mean percentage of biomarker expression in the metastatic lesions for all analysed ROIs of each sample/patient. 
15M represents patient number 15 and M for metastasis specimen. 18M1 and 18M2 stand for first and second metastasis for 
patient number 18, respectively. 15M – n=7; 18M1 – n=5; 18M2 – n=6; 22M – n=5; 27M – n=9; 29M – n=6, where “n” 
represents the number of images/ROIs analysed for each sample/patient. 

Table 4.4. Mean percentage of cell expression for all analysed samples (n=11), either primary PCa or metastatic lesions. 

 Primary lesions Metastatic lesions 
 Mean % cells expressing Mean % cells expressing 

Patient 
ID PSMA AMACR AR Ki-67 PSMA AMACR AR Ki-67 

10 0,00 84,78 51,59 0,00     
15     48,30 40,24 57,84 10,21 

18     97,76 31,22 54,40 0,36 
    74,21 97,53 56,33 12,81 

20 96,14 93,70 76,74 0,00     
22 0,00 94,30 76,97 3,10 0,00 26,41 52,37 26,29 
23 50,19 91,46 88,59 0,71     
27     13,33 94,43 0,00 46,83 
29 49,70 90,72 80,75 0,61 100,00 100,00 88,69 3,94 
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Figure 4.7 shows representative IF images of two very interesting metastases analysed, 15M 
and 27M. Metastasis in adrenal glands are not commonly seen in PCa, therefore, the 15M sample was a 
unique case for image analysis. The tissue histology and cellularity allowed to clearly distinguish 
between adrenal and the much larger, and normally clustered, cancer cells (Figure 4.7A). In this light, 
the 27M bone metastasis was also a case to take note since it’s the only one that exhibited complete loss 
of AR expression (Figure 4.7B). The AMACR expression is easily recognised as cytoplasmic vesicles 
and PSMA showed little or non-existent expression. 

 
Figure 4.7. Representative IF images for two metastasis cases of two patients. Suprarenal, 15M (A), and bone metastasis, 27M 
(B) with the isolated spectra images of AR, PSMA, AMACR and Ki-67 (first 4 images), and the final unmixed composite 
image (last image, right). Scale bars – 100 µm. 

4.5.3 Primary PCa and PCa metastasis multiplex IF 
Analysis of the mean of all primary lesions, which included the prostate biopsies and the 

prostatectomy, showed that AMACR was highly expressed in all tissue samples (Figure 4.8A), with 
little deviation between patients. On the contrary, PSMA showed great variability between the different 
biopsies. Notably, Ki-67 expression level in the primary tumors was very low, compared with the 
expression in the compressed data of all the metastasis (Figure 4.8A-C). The metastatic tissues showed 
even greater variability between patients, presenting results with higher standard deviations, despite the 
lower sample number. Although we found interesting differences in biomarker expression between the 
primary and metastatic lesions, the differences were not significant when statistically compared, as 
displayed in Figure 4.8C. 

 
Figure 4.8. Mean biomarker expression of all primary (A) and metastatic (B) samples for the eight patients, (primary samples 
– patient number 10, 20, 22, 23 and 29, n=5; metastasis samples – patient number 15, 18 (2 samples), 22, 27 and 29, n=6) and 

PSMA AMACR AR Ki-67 composite

A
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representation of the difference between the biomarkers expression in primary and metastatic lesions (C). Statistical analysis 
by multiple student’s t-test, followed by a Sidak-Bonferroni multiple comparison method. (ns – not significant). 

4.6 Comparison between consecutive biopsied patient samples 
To perform this comparison, we selected three patients for which we had more than one tissue 

sample available. Two cases corresponded to primary PCa and metastatic lesion, whereas for patient 18 
we had two different metastatic lesions (LN and BM) separated one year, approximately. By comparing 
these samples, we managed to analyse changes in the tumor phenotype with time. 

 

 
Figure 4.9. Percentage of biomarker expression differences between samples separated by biopsy date. (A) Metastasis 
progression for patient number 18 and tumor progression, from biopsy/prostatectomy to metastasis samples, for patients 22 (B) 
and 29 (C). Statistical analysis was performed with the samples biomarkers mean value by multiple student’s t-test for paired 
samples, followed by a Sidak-Bonferroni multiple comparison method (****, ***, ** and *, denotes p-value <0.0001, <0.001, 
0.001-0.01, and 0.01-0.05, respectively, and ns stands for non-significant). 

Figure 4.9 showcases the differences in biomarker expression between time spaced biopsies for 
the three patients. For patient 18, we got a metastasis progression, from the first metastasis, 18M1, to 
the second, 18M2. Patients number 22 (Figure 4.9B) and 29 (Figure 4.9C) allowed the visualization of 
a more general tumor progression, since the samples analysed were from the biopsy and prostatectomy 
specimen at diagnosis, and then of the metastasis. 

The appearance of the tumor, either structurally or in cell composition, is very distinctive when 
comparing the scanned IF images from a prostate tissue, LN or bone metastasis (Figure 4.10), and the 
change in biomarker expression with time is not clear when comparing different tissue metastasis. 
Comparing the IF images from the first to the second biopsied metastasis for patient 18, it is clear that 
PSMA expression decreases, whereas Ki-67 increases of expression. In the representative images of 
18M2 we see the presence of a higher number of Ki-67 positive cells, some of them showing both 
AR/Ki-67 expression. 
 Comparing IF images from a prostate biopsy with a more compact metastatic tissue, such as the 
LN, allows a simpler visualization of the changes in biomarkers percentage of expression, as we can see 
with the representative images for the progression of patient number 22 (Figure 4.10B). Neither the 22B 
nor 22M specimens showed PSMA expression. In fact, the yellow signal seen in the images is 
background or unspecific signal and it plainly doesn’t resemble the normal pattern of PSMA expression, 
smooth-like expression in the membrane part of the cells, that can be seen in Figure 4.10C (patient 29). 
AR had a different sub-cellular localization expression pattern in 22M and 29M, as some expression 
was found in the cytoplasm, rather than just in the nuclei. The LN metastasis of patient 22 was one that 
presented the highest Ki-67 of our series, and the representative image shows the great amount of 
proliferation of this metastasis (Figure 4.10B). 
 The AMACR characteristic granular and cytoplasmic expression is easily seen in patient 29’s 
samples (Figure 4.10C), where this enzyme was overexpressed only in the tumor areas. The tumor cells 
of the 29M LN metastasis showed a faint AR expression, either in the nuclei, cytoplasm, or in both. 
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4.6.1 Patient 18: Metastasis progression 
Patient 18 showed statistically significant differences in the biomarker expression of PSMA, 

AMACR and Ki-67 between the first, LN, and second, BM, metastasis (Figure 4.9A). In this 
progression, all markers increased their expression values except for PSMA. AMACR showed the 
greatest difference, an increase of about 75% in expression (Table 4.4). 

 

 

 
Figure 4.10. Representative IF images of FFPE specimens of primary PCa and metastasis for the three patients analysed. IF 
Images showing the metastatic tumor progression from 18M1 to 18M2 (A), and tumor progression from 22B to 22M (B), and 
from 29P to 29M (C). For all of them the isolated signal for the biomarkers of interest is shown first (first four images, from 
left to right), followed by the composite multiplex image (last image, right). All scale bars – 100 µm. 

Figure 4.11 shows that the metastasis biopsies were spaced 1 year, and that the 18M1 was 
treated with SDRT, displaying a full recovery, but later, at the beginning of 2015, a second metastasis 
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(18M2) appeared. This metastasis was then treated with HT. Regardless of the treatments, the patient 
state advanced at the end of 2016, with bone progression, and a great increase in the measured PSA 
levels (Figure 4.11, graph underneath). In this graph, achievement of nPSA following RP is clearly seen, 
and then biochemical recurrence is observed when the PSA level elevated. 
 

 
Figure 4.11. Timeline for patient 18 with all important events, biopsies and treatments, the respective dateline and the graphical 
representation of the PSA level progression alongside the patient’s treatment and management. RP – radical prostatectomy, 
SDRT – single dose RT (24Gy). 

4.6.2 Patient 22: Tumor progression 
From sample 22B to 22M, PSMA expression remained null and the difference in the AR 

percentage was not significant (Figure 4.9B). Differently, AMACR showed a great decrease in 
expression, and Ki-67 proliferative marker also presented a higher value in the metastasis, showing a 
statistically significant difference.  

 
Figure 4.12. Timeline for patient 22 with all important events, biopsies and treatments, the respective dateline and the graphical 
representation of the PSA level progression alongside the patient’s treatment and management. EBRT – external beam RT 
(24Gy in 5 sessions); SBRT – Stereotactic body RT (24Gy in 5 sessions); WBRT – whole brain RT (35Gy in 5 sessions); DOD 
– dead of disease. 

Regarding the treatments for this patient, Figure 4.12 shows that he undertook HT during a long 
period of time. As first treatment, this patient received EBRT to the tumor in the prostate along with 
HT, showing a decrease in PSA (Figure 4.12, PSA graph), reaching the nPSA. The patient remained in 
a recurrence-free state for three years (2011-2014), until the appearance of the first metastasis. The first 
two LN metastasis lesions were not biopsied, and were treated with RT, but the following tumor 
recurrence, another LN metastasis, was biopsied (22M). At the time, the patient was receiving HT, and 
was put under chemotherapy as a response to the rising PSA and progressing metastization. The 
advanced state of disease, alongside the appearance of brain metastasis, eventually led to the patient’s 
death. 
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4.6.3 Patient 29: Tumor progression 
Analogously to the other cases, the AR differences between the samples 29P and 29M were not 

significant (Figure 4.9C), but the other markers showed a great difference in expression. PSMA, for 
example, increased by almost 50% from the prostatectomy to the LN metastasis, and these samples were 
collected with a time-lapse of 1 year, approximately (Figure 4.13). The biomarkers AMACR and Ki-67 
also showed higher levels of expression in the LN metastasis. Of all patients, patient 29 was the only 
one that didn’t undergo any kind of hormonal or chemotherapy treatment, which are the normal 
procedures followed for PCa management. Contrarily, after RP and LDN as first treatment, the patient 
underwent SDRT exclusively as means of dealing with the metastatic progression (Figure 4.13). The 
PSA levels remained relatively low, not higher than 7 ng/mL (Figure 4.13, PSA graph).  

 
Figure 4.13. Timeline for patient 29 with all important events, biopsies and treatments, the respective dateline and the graphical 
representation of the PSA level progression alongside the patient’s treatment and management. LDN – Lymphadenectomy; 
SDRT – single dose RT (24Gy). 

Interestingly, this patient has been showing complete response to the RT, and remains in a 
controlled, recurrent-free state of the disease. The nPSA was also reached after primary tumor surgery, 
although it took more than a few months, and following the last RT treatment a new nPSA is seen. 

 
4.7 Comparison between qualitative and quantitative variables 

By comparing the results from the primary samples (n=5), such as the mean biomarker 
expression, as well as qualitative variables (e.g. iPSA, Gleason score, cTNM, patient status), using the 
Spearman rank correlation, the results in Table 4.5 display that only AR and iPSA were significantly 
correlated (also seen in Figure 4.14A). In fact, AR and iPSA were negatively correlated, presenting a 
rho of -0,9747, meaning that there was a pattern where whenever the iPSA level was low, the percentage 
of AR expression was high.  

 
Figure 4.14. Spearman rank correlation (A) of a quantitative, AR, and qualitative, iPSA, variable (r=-0,9747, p-value=0,0333), 
and Kaplan-Meier curve (B) showing the percent of patient survival for the eight patients stratified by three levels of PSA at 
diagnosis (Log-rank, Mantel-Cox significance test: Chi-Square: 6,033; p-value=0,0490). 

There was no association found between the other markers, and between these and the clinico-
pathological data (Table 4.5 and supplementary data: Figure 8.5). The metastasis samples (n=6) also 
showed no correlation between the mean antibodies expression (supplementary data: Figure 8.7 and 
Table 8.1). 
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Table 4.5. Spearman rank correlation using qualitative (iPSA, Gleason Score, clinical TNM and patient status) and quantitative 
variables (all biomarkers) for all primary lesions (n=5).  

 iPSA Gleason cTNM Patient status PSMA AMACR AR Ki-67 
iPSA         

r 1 0,1316 -0,2294 -0,4443 -0,1316 -0,0513 -0,9747 -0,6842 
p-value  0,85 0,8 0,5 0,8 > 0,9999 *0,0333 0,2167 

Gleason         
r  1 0,6309 -0,2962 0,8885 0 0,5774 -0,1481 

p-value   0,3 0,7 0,2 > 0,9999 0,4 > 0,9999 
cTNM         

r   1 -0,3227 -0,5162 0,4472 0,2236 0,6882 
p-value    0,7 0,35 0,5 0,8 0,25 

Patient status         
r    1  0 0,5774 -0,1481 

p-value       0,4 > 0,9999 
PSMA         

r     1 0,2052 0,3078 -0,2895 
p-value      0,7333 0,6 0,6 

AMACR         
r      1 0,2 0,5643 

p-value       0,7833 0,4 
AR         

r       1 0,6669 
p-value        0,2667 

 
4.8 Survival analysis: Kaplan-Meier curves 

To analyse the influence of the biomarkers expression on the overall survival, the patients were 
stratified in groups according to the median of the biomarkers expression as a cut-off.  

 
Figure 4.15. Analysis of the influence of the biomarkers expression in the survival of the patients for the primary and metastasis 
lesions. Kaplan-Meier curves of the primary lesions (n=5) of five patients, stratified by the percentage of biomarker expression: 
(A) AR, (B) Ki-67, (C) PSMA, (G) AMACR; and metastatic lesions (n=6) of five patients, also stratified by the percentage of 
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biomarker expression: (D) AR, (E) Ki-67, (F) PSMA, (H) AMACR. A median-based threshold was used to stratify the patient’s 
samples in all analysis. 

This resulted in a division of high and low expression groups for all markers, and a following 
analysis of the percentage of survival with the construction of Kaplan-Meier survival curves. 

Figure 4.15 presents the Kaplan-Meier curves for all patients primary and metastasis lesions, 
stratified by biomarker expression levels. Neither the primary nor the metastasis survival curves 
exhibited statistical significance, based on the Mantel-Cox test.  

As for the clinical variables, the same type of analysis was performed with data from the clinical 
TNM state, Gleason score, iPSA and first metastasis site (supplementary data: Figure 8.6). As expected, 
iPSA (Figure 4.14B) was significantly correlated with overall survival. Patients belonging to the group 
that was diagnosed with an initial PSA between 10 and 20 ng/mL (n=2) were associated with shorter 
survival times. 
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5 DISCUSSION 
 
5.1 Clinico-pathological characteristics, the impact of metastasis site and molecular phenotype of 

primary samples 
At diagnosis, the eight patients included in the multiplex IF study presented with a mean age of 

61,9 years, a mean PSA of 11,3 ng/mL (Table 4.1), and most of them were diagnosed with a T2 stage.  
According to a recent study about the preferable distribution of metastasis in PCa patients, the 

most common site for metastasis is the bone, followed by the LNs.108 Conversely, in the whole cohort 
of 29 OM-PCa patients, identified at the Fundação Champalimaud, the most common metastasis site 
was the LNs, followed by bone, lung, brain and one case of suprarenal gland metastasis (supplementary 
data: Figure 8.1), this latter considered an atypical metastasis. The impact of the metastasis site in the 
patient’s prognosis and probability of survival has received growing importance. In fact, by comparing 
the progression of patient 10 and 20, both presented an initial PSA level of 20 ng/mL, and likewise, both 
received HT as the first treatment, we can conclude that their tumors responded differently, resulting in 
different outcomes. Patient 10 experienced a quicker progression, presenting bone metastasis, and 
receiving SDRT as second treatment. Still, the tumors did not respond to treatment and the patient 
suffered bone and brain progression, and underwent more RT treatments that did not showed success, 
resulting in death. On the other hand, patient 20 had LN spread as first metastasis lesion, that were 
treated with SDRT. Similarly, also experienced bone progression, but underwent HT therapy and is 
currently alive with disease. In terms of the biomarkers expression in the biopsy samples, both showed 
no expression of Ki-67, AR and PSMA were overexpressed in 20B, and in contrast, PSMA was null in 
10B (Figure 4.5). Given that, we would expect the molecular phenotype of the 20B case to correspond 
to a more aggressive tumor due to the AR overexpression, thus a worse prognostic for the patient. 
However, it all comes to the different first site of metastasis between the patients, and some studies 
believe that patients whose first metastasis lesions are to the bone (patient 10) have higher probability 
of disease progression and less survival rates, in contrast to LN as the first metastatic site. Patient 23 
and 29 are very similar cases, presenting molecular phenotypes of the biopsies incredibly alike, as well 
as the PSA level at diagnosis. Both had LN progression that was treated with RT, and are currently in a 
NED state.  
 
5.2 PSMA expression and PCa tumors heterogeneity 

The incorporation of the membrane expressed protein PSMA in the multiplex IF improved the 
protocol and added additional data to compare the samples’ phenotypes and perceive the great tissue 
heterogeneity of prostate cancers.  

 
5.2.1 PSMA expression other than prostate cancer 

PSMA is expressed by other cell types that can also be found in sectioned tissues of several 
organs, namely endothelial cells that constitute the blood vessels. This must be considered when 
analysing the expression of this protein in the tumor of tissues with high vasculature, such as the 
suprarenal gland metastasis.  
 
5.2.2 The clinical potential of PSMA 

A study that analysed the expression of PSMA and how it could be a potential clinical utility in 
the setting of high-risk PCa treatments84, showed that PSMA varied considerably between 
adenocarcinomas localized in the prostate, LN metastasis and distant metastasis. PSMA was highly 
overexpressed in the LN metastasis, but lowered the expression levels when analysed in distant 
metastasis specimens, which was partially seen for the analysed cases in this project. PSMA did increase 
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from the primary localized tumors to the metastasis (Figure 4.8), although in a non-significant way. The 
metastasis that showed the highest PSMA levels were, indeed, the LNs (18M1, 29M), apart from the 
22M. The distant metastasis from the adrenal gland and bone showed less expression when compared 
to the LNs. And, interestingly, we see in the metastasis progression of patient 18, a significant decrease 
from the LN to the distant bone metastasis, 18M2 (Figure 4.9A). Likewise, in patient 29’s tumor 
progression, the PSMA overexpression in the LN metastasis, posterior to the prostate confined 
adenocarcinoma, presented elevated significance (Figure 4.9C).  
 On the other hand, because the late patients (10, 22, 27) expressed very low levels of PSMA in 
the analysed samples, low PSMA expression almost showed a significant association with shorter 
survival in the Kaplan-Meier analysis (Figure 4.15), contrary to what would be expected and what has 
been said about the potential of PSMA as a biomarker for high-risk PCa when overexpressed. 
 
5.3 Comparison between the phenotypes of all samples of alive vs deceased patients 

The evaluation of the mean biomarkers values for all primary and metastasis samples (Figure 
4.8) showed no significant differences between the percentage of PSMA, AMACR, AR or Ki-67 
expression levels between patients who are alive and deceased ones. Nevertheless, it’s clear that Ki-67 
is overexpressed in the metastatic sites (Figure 4.8, Figure 4.6 and Table 4.4). The isolated samples 
analysis allowed a well-defined graphical visualization of the phenotype and characteristic biomarker 
expression for each patient (Figure 4.5 and Figure 4.6). Noticeably, Figure 4.6 and the representative IF 
images (Figure 4.10) display how the metastasis samples phenotypes are much more heterogeneous than 
the primary biopsies, considering how many biomarkers were expressed in the tissue and the greater 
variance in percentage of expression. 
 
5.3.1 Significant differences in the biomarkers expression levels between time-spaced biopsies 

Although the mean samples’ data of the primary and metastasis sites showed no significant 
differences for all markers, the opposite was seen for some markers when the analysed data was of the 
tumor progression samples, 18M1 – 18M2, 22B – 22M and 29P – 29M (Figure 4.9). We were expecting 
this kind of results by compressing all the data of all primaries samples, since this type of cancer shows 
great heterogeneity in all the expressed markers. Moreover, in all these, Ki-67 showed an interesting 
increased in time, statistically significant in all comparisons performed, suggesting that this marker may 
be associated with the progression of the tumors and the acquisition of a more aggressive phenotype. 
Ki-67 is highly associated with worse prognosis and, as so, percentages of expression higher than 3% 
are enough to classify a prostate tumor as highly proliferative. This biomarker raise is an important 
feature and may be used to predicting tumor progression, aiding tumor management and treatment.  

The other markers, PSMA and AMACR, were also found with significant differences between 
samples, but there was no real association found, since none of them was found neither augmented nor 
diminished from the first sample to the second. For instance, PSMA decreased its expression in patient 
18 (Figure 4.9A) and increased in patient 29 (Figure 4.9C), and AMACR increased in both of these 
patients and decreased drastically in patient 22 (Figure 4.9B). The alterations in the AR, interestingly, 
were always non-significant between samples. 

Patients 18 and 22 underwent hormonal, chemo and radiotherapy, namely SDRT, as 
management treatments (Figure 4.11 and Figure 4.12). Patient 29, on the other hand, was treated 
exclusively with SDRT for all his metastatic lesions (Figure 4.13), and has shown a complete tumor 
response, being currently in a NED state, no evidence of disease, which can give some insight into the 
advantages of RT in controlling OM-PCa. 
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5.3.2 Phenotypes of the deceased patients 
Another interesting difference is that by comparing patient number 22, deceased, with the 

others, we could see that the metastasis 22M suffered a lowering of all expressed markers, AMACR and 
AR, except for Ki-67, which presented a mean percentage of expression of 26%, value much higher 
than the other metastasis. Indeed, when looking at the molecular metastatic phenotypes of the deceased 
patients, namely 22M and 27M, the Ki-67 showed its higher expression levels. Again, this suggests that 
elevated Ki-67 expression in PCa dictates a true aggressive phenotype (Figure 4.6). Moreover, these 
patients presented similar clinical progression, with identical iPSA values, both had LN and bone 
metastization, in that order, and underwent SDRT, ineffectively, evolving with brain metastasis.  
 
5.4 Biomarker AR expression: nuclei vs cytoplasm 

Samples 18M1, 22M and 29M showed that AR was expressed both in the cytoplasm and nucleus 
of the cell, which may mean that the hormonal treatments, for patient 18 and 22, were showing some 
results, because the AR was being retained in the cytoplasm. This also suggests that these patients 
probably would not have great amount of the AR variants, e.g. AR-V7, that lead to CRPC and resistance 
to HT, but, nevertheless, patient 22 suffered a severe relapse. Thus, nucleus-only expression of the AR 
protein should be carefully addressed as a marker of tumor aggressiveness and progression to a CRPC 
state, having consequences in the subsequent course of treatment. 

In addition, these samples presented high Ki-67 values, and Ki-67 and AR were found in many 
cases to be co-expressed in the nucleus, disputing the idea that cells in division would not have the AR 
activated and expressed in the nucleus. 
 
5.5 Ki-67 and lack of a consistently defined threshold 

Choosing the cut-off points for the biomarkers expression is a difficult task, but the median 
expression of a group of samples is used when a specific cut-off is not well documented. Meanwhile, 
cut-offs are being suggested for some biomarkers.109 Regarding the choice for Ki-67 cut-off points, little 
consensus has been seen. The use of Ki-67 as a predictor of progression and disease-specific survival 
for PCa have long been debated, but the stratifications have been based on a wide range from 2.4% to 
26%110. A recent paper by Fisher at al111, reported the amazing potential of Ki-67 as an useful prognostic 
tool for patient diagnosis and management. They used a single biomarker, Ki-67, to predict a patient 
outcome based on first diagnosis specimens, and used a 10% cut-off for Ki-67 expression in these 
tissues. Others110,112 have shown how higher Ki-67 expression can be predictive of increased risk of 
metastasis and reduced survival. By stratifying our samples with a cut-off 10% Ki-67 expression we got 
similar results to the median, where all primary specimens belonged to the low expressing group, which 
present values lower that 10%, and even lower than 5%, while all metastatic tissues presented values 
much higher than 10%, apart from 18M1 and 29M. Therefore, in this series of cases, there is no means 
of using Ki-67 as a marker of aggressiveness for an initial stage disease, since all our primary lesions 
would have fallen in the low-risk group. 
 
5.6 Importance of nPSA and variations of the PSA level following treatment 

The nPSA is an important tool used for PCa management. As previously mentioned, it can have 
different uses for treatment success and disease-free status, depending on the treatment, either surgery, 
RT or HT. Indeed, in the timeline for patients 18, 22 and 29 (Figure 4.11, Figure 4.12 and Figure 4.13, 
respectively) we can see the interesting variation of the PSA levels following the respective treatments. 
And for all patients its clear where the nPSA reaching takes place, in different time points for different 
therapies, and posteriorly, the rise in the PSA that preceded biochemical recurrence and that is used by 
the clinicians for patient management. 
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5.7 PSA expression and AR gene activity 
Almost, if not all, of PCa patients are treated with HT at some point, and almost all present 

elevated levels of AR expression, which is associated with a reduced response to HT and a shorter 
relapse time, consequently promoting tumor growth and metastasis.45,96 Also associated with the AR 
expression levels is the PSA blood levels, since the latter is regulated by the AR gene activity. Which 
hinted as to the utility of using both markers combined as a prediction tool for outcome.45 However, in 
Figure 4.14A we got that the iPSA was negatively correlated with the AR expression levels on the 
primary lesions. This was an interesting result, and contrary to what was expected, because high PSA 
and AR levels are associated with more aggressive cancers and, as so, worse prognosis for the patients. 
Conversely, this result can be explained by the small sample size used for the correlation, because AR 
was mostly overexpressed across all samples, but for two patients, this overexpression coincided with 
low PSA at diagnosis.  
 
5.8 Survival curves analysis 

The Kaplan-Meier survival curves results were very thought-provoking despite not being 
statistically significant, probably again due to the sample size. But in Figure 4.15, it’s clear that there is 
a difference in the survival curves from the primary lesions to the metastatic state, where in the latter 
it’s possible to see the beginning of some interesting stratification of survival. It’s remarkable how 
patients belonging to the low expressing groups for the AR and Ki-67 markers show 50 and 100% 
survival, respectively. Nonetheless, the only result that showed significance was with the iPSA 
stratification (Figure 4.14B), which was expected having in mind that only two patients were diagnosed 
with levels higher than 20 ng/mL, and from these only one is deceased. Furthermore, the two patients 
that presented iPSA between 10 and 20 ng/mL, are both dead. However, as previously said, the use of 
the PSA test as a diagnosis tool and management tool for PCa has been the target of controversy, for it 
doesn’t present a reliable result. For example, the patients number 18, 23 and 29, all had relatively low 
initial PSA levels, but they are all also still alive with disease.  
 
5.9 Challenges of multiplexed IF and image analysis 
 
5.9.1 Software for bioimaging analysis 

One of the most challenging things that must be optimized for this project is the image analysis 
part. Finding appropriate and capable software that allows the use of all the molecular data that the 
multiplex images hold, has shown to be a difficult task. It’s not easy to classify protein markers that are 
co-localized, i.e. that are expressed in the same sub-cellular compartments, such as what happened with 
AR and AMACR, AR and Ki-67, and all the cytoplasmic ones with CK18, used for structural purposes. 
Thus, it is highly demanding to analyse images with five markers without resorting to the visualization 
of the isolated spectra images, and performing the analysis individually. Moreover, from all the 
software’s tested for multiplex image analysis, which included inForm, ImageJ and QuPath, QuPath 
showed to be the most versatile and easy-to-use, presenting tools for a flexible quantification of the 
biomarkers, either automatically, manually or both. The trial with the inForm software revealed the 
promising use of interesting tools such as the tissue and cell/object segmentation, as well as, the cell 
phenotyping. Although very promising, these tools didn’t work in the complex multiplexed context of 
our images, majorly because they allow the assignment of only one “phenotype” to a single cell, so a 
cell could not be AR and Ki-67 positive, or AMACR and AR positive, which was a dead-end for 
performing image analysis. Nevertheless, the tissue segmentation followed by cell count gives 
interesting results comparing tumor versus stroma/normal tissue.  
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5.9.2 Challenges of IF and multiplex IHC  
 Other difficulties were encountered as the IF scanned images were themselves analysed. 
Namely, the loss of DAPI in a lot of images (which can be seen in some representative IF images, e.g. 
Figure 4.10A, 18M1), and how to find the perfect isolated spectra for the multispectral unmixing. This 
loss of DAPI was mostly seen whenever the AR was overexpressed in the nuclei, and whenever the 
malignant nuclei were displayed as a hollow, characteristic of prostate tumor cells. To partially solve 
the DAPI staining complication, two different multispectral libraries were built, one for a DAPI faint 
counter-stain and another for a strong DAPI, decision made after the scanning process was done. Also, 
for some reason, in some cases, DAPI would lose its proprieties and the nuclei would appear coloured 
in faint orange. We have no real explanation for this strange process, but some ideas were that it could 
be due to the prolonged light exposure of the stained tissue, or perhaps from the last fixation step of the 
protocol, that consisted in a 10% formalin dip. Still, whenever the microscope visualization showed the 
orange nuclei, a vigorous washing step was performed, followed by another mounting with DAPI to 
overcome this problem. 
 
5.9.3 Multispectral library building 

As previously mentioned, we used double-plex and single-plex stained slides to build the 
multispectral library. Unfortunately, we didn’t get the results we were expecting, which were a clearer 
spectra library with less background noise. Instead, we got unmixed images with no signal or unspecific 
signal for some of the antibodies, and significant differences in the background in the different analysed 
tissues. We couldn’t figure out why the library wasn’t working properly, and why the software wasn’t 
able to successfully isolate the spectra corresponding to the pure antibody in the multiplex images, but 
we think it could be due to the great spectra complexity of the 5-plex staining, and the sub-cellular co-
localization of some antibodies. Antibodies that are present in the same sub-cellular component are 
difficult to differentiate, especially when the emission spectra of the labelled secondary antibodies have 
a very close peak in the emission spectrum, such as what we have with AR and AMACR (Figure 4.2). 
In our experience, building a library from the multiplex stained slide gives much better results for the 
analyses than using single and double-plex. 
 Nevertheless, the potential of the multiplex IF technique in research is vast, for it acknowledges 
multidimensional data related to tissue architecture, spatial distribution of multiple cell phenotypes, co-
expression of signalling and cell cycle markers. 

 
5.10 Nucleic acid extraction from FFPE slides, sequencing and future perspectives 
 

The future step in the project consists in using the extracted nucleic acids from these samples 
and perform targeted sequencing using the Oncomine® Comprehensive Assay kit with the Ion 
Torrent™ System (ThermoFisher Scientific, Waltham, MA), which interrogates the most commonly 
altered 143 cancer genes (73 oncogenes, 49 copy number altered genes, 26 tumor suppressors genes and 
22 fusion driver genes), including the AR gene. The results from the sequencing will add molecular data 
to the project and, together with the molecular phenotypes analysed, will give some insight into the 
differences in tumor responses between patients, predominantly why some cases that are similar 
phenotypically behave differently and lead to distinctive outcomes. Besides this, cfDNA isolated from 
blood extracted at several time-points would be an interesting addition, exploring the liquid biopsy 
concept, by tracking changes in the DNA during the natural course of the disease, and possibly 
predicting the response to treatments.  
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6 CONCLUSIONS 
 

The molecular phenotyping and data analysis obtained by multiplex IF quantitative biomarker 
expression levels with multispectral microscopy allowed a comparison between different phenotypes 
and clinico-pathological characteristics of eight patients with OM-PCa. Multiplex assays for several 
biomarkers on tissue sections are not very common, mainly because of technical issues regarding the 
use of multiple IFs, different tissues reactions and image analysis. Nevertheless, multiplex IF allowed 
the obtainment a great amount of molecular data from a single stained tissue slide. 

Our experiments identified a possible aggressive molecular phenotype, associated with a worse 
disease scenario and shorter recurrent-free survival, presented with high expression of AR, Ki-67 and 
possibly AMACR and PSMA, although these latter are very heterogeneously expressed along metastatic 
samples. The loss of expression of biomarkers such as AR and PSMA was also a sign of progression 
and led to treatment unresponsiveness, as seen in the metastatic progression of two of our patients. 
Instead, a potentially curable OM-PCa molecular phenotype would present a not too high AR expression 
(less than around 50%) and a Ki-67 level of expression below 10%. After all, patients that exhibited a 
metastatic overexpression of this marker (higher than 20%) did not respond to therapy and RT treatments 
showed little probability of success in controlling the tumors. Hence, when analysing metastasis samples 
of OM-PCa we suggest using a cut-off of 20% for Ki-67. Interestingly, there is a patient in this group 
of patients who was treated exclusively with SDRT for all his metastatic lesions and has shown a 
complete tumor response, being alive with no evidence of disease at follow-up. This, together with the 
phenotyping of his samples, suggests that he may be an example of a “true” oligometastatic patient. 

In conclusion, using a molecular phenotyping of PCa specimens with a multiplexed biomarkers 
quantification approach might provide some insight of each individual’s tumor behaviour and, 
consequently, aid their clinical management, aiming for a successful course of treatment for complete 
recovery and/or longer recurrent-free survival.  
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8 Supplementary data  
 

 
Figure 8.1. Pie chart for the location of the metastasis in the whole 29 OM-PCa patient cohort. LN – lymph node. 

 

 

 
 

 

 

Figure 8.2. Raw data for the image analysis of the primary tumor samples. Each table presents the number of cells expressing 
each biomarker and the corresponding percentage of biomarker expression, numbers obtained by performing a semi-automated 
image analysis of ROIs with the QuPath software. 

 
 
 

ROIs analysed 5
total # cells

PSMA AMACR AR KI67 DAPI
ROI 1 0 231 102 0 231
ROI 2 0 108 68 0 126
ROI 3 0 155 84 0 175
ROI 4 0 92 124 0 153
ROI 5 0 221 76 0 247

ROI 1 0 100 44,1558442 0
ROI 2 0 85,7142857 53,968254 0
ROI 3 0 88,5714286 48 0
ROI 4 0 60,130719 81,0457516 0
ROI 5 0 89,4736842 30,7692308 0
MEAN 0 84,7780235 51,5878161 0
SD 0 14,802989 18,5402035 0

% cells expressing:

# cells expressing

Patient sample: 10B
ROIs analysed 3

total # cells
PSMA AMACR AR KI67 DAPI

ROI 1 495 481 429 0 495
ROI 2 479 464 380 0 486
ROI 3 319 314 232 0 355

ROI 1 100 97,1717172 86,6666667 0
ROI 2 98,5596708 95,473251 78,1893004 0
ROI 3 89,8591549 88,4507042 65,3521127 0
MEAN 96,1396086 93,6985575 76,7360266 0
SD 5,48650258 4,62343699 10,7313353 0

% cells expressing:

# cells expressing

Patient sample: 20B

ROIs analysed 6
total # cells

PSMA AMACR AR KI67 DAPI
ROI 1 0 1681 1217 35 1739
ROI 2 0 1478 1166 20 1500
ROI 3 0 1902 1787 17 2029
ROI 4 0 1600 1145 42 1630
ROI 5 0 858 843 23 1060
ROI 6 0 1162 907 115 1189

ROI 1 0 96,665 69,983 2,013
ROI 2 0 98,533 77,733 1,333
ROI 3 0 93,741 88,073 0,838
ROI 4 0 98,160 70,245 2,577
ROI 5 0 80,943 79,528 2,170
ROI 6 0 97,729 76,283 9,672
MEAN 0,000 94,295 76,974 3,100
SD 0 6,76579253 6,70697074 3,27874849

% cells expressing:

Patient sample: 22B

# cells expressing
ROIs analysed 5

total # cells
PSMA AMACR AR KI67 DAPI

ROI 1 382 550 513 4 654
ROI 2 422 590 591 4 683
ROI 3 552 1011 970 2 1056
ROI 4 333 915 874 4 949
ROI 5 400 873 867 16 922

ROI 1 58,4097859 84,0978593 78,440367 0,6116208
ROI 2 61,7862372 86,3836018 86,5300146 0,58565154
ROI 3 52,2727273 95,7386364 91,8560606 0,18939394
ROI 4 35,089568 96,4172813 92,0969442 0,42149631
ROI 5 43,3839479 94,6854664 94,0347072 1,73535792
MEAN 50,1884533 91,464569 88,5916187 0,7087041
SD 10,9626722 5,77182447 6,32197007 0,59807117

% cells expressing:

Patient sample: 23B

# cells expressing

ROIs analysed 5
total # cells

PSMA AMACR AR KI67 DAPI
ROI 1 706 1217 926 9 1367
ROI 2 479 1449 1296 7 1515
ROI 3 847 1954 1928 8 2250
ROI 4 922 1682 1547 10 1798
ROI 5 818 949 844 11 1072

ROI 1 51,646 89,027 67,740 0,658
ROI 2 31,617 95,644 85,545 0,462
ROI 3 37,644 86,844 85,689 0,356
ROI 4 51,279 93,548 86,040 0,556
ROI 5 76,306 88,526 78,731 1,026
MEAN 49,6985431 90,7179164 80,7488814 0,61165414
SD 17,222686 3,70608636 7,88528781 0,25739634

% cells expressing:

Patient sample: 29P

# cells expressing
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Figure 8.3. Raw data for the image analysis of the metastatic tumor samples. Each table presents the number of cells expressing 
each biomarker and the corresponding percentage of biomarker expression, numbers obtained by performing a semi-automated 
image analysis of ROIs with the QuPath software. 

 
 
 
 
 
 
 

ROIs analysed 5
total # cells

PSMA AMACR AR KI67 DAPI
ROI 1 812 158 277 3 832
ROI 2 1070 413 537 9 1116
ROI 3 502 176 254 0 514
ROI 4 154 44 78 0 154
ROI 5 754 288 699 5 772

ROI 1 97,5961538 18,9903846 33,2932692 0,36057692
ROI 2 95,8781362 37,0071685 48,1182796 0,80645161
ROI 3 97,6653696 34,2412451 49,4163424 0
ROI 4 100 28,5714286 50,6493506 0
ROI 5 97,6683938 37,3056995 90,5440415 0,64766839
MEAN 97,7616107 31,2231853 54,4042567 0,36293939
SD 1,4665598 7,68494228 21,3907103 0,36784143

% cells expressing:

Patient sample: 18M1

# cells expressing
ROIs analysed 6

total # cells
PSMA AMACR AR KI67 DAPI

ROI 1 357 369 261 40 397
ROI 2 147 173 105 7 173
ROI 3 142 197 101 28 197
ROI 4 132 191 136 17 202
ROI 5 207 254 130 35 260
ROI 6 72 135 58 36 135

ROI 1 89,924 92,947 65,743 10,076
ROI 2 84,971 100 60,694 4,046
ROI 3 72,081 100 51,269 14,213
ROI 4 65,347 94,554 67,327 8,416
ROI 5 79,615 97,692 50,000 13,462
ROI 6 53,333 100 42,963 26,667
MEAN 74,212 97,532 56,333 12,813
SD 13,4973386 3,10437818 9,72558834 7,71997165

% cells expressing:

Patient sample: 18M2

# cells expressing

ROIs analysed 7
total # cells

PSMA AMACR AR KI67 DAPI
ROI 1 156 49 171 12 307
ROI 2 41 32 38 5 58
ROI 3 87 133 327 44 426
ROI 4 209 125 125 43 260
ROI 5 85 70 65 15 134
ROI 6 228 127 166 66 493
ROI 7 13 114 164 16 214

ROI 1 50,8143322 15,9609121 55,7003257 3,90879479
ROI 2 70,6896552 55,1724138 65,5172414 8,62068966
ROI 3 20,4225352 31,2206573 76,7605634 10,3286385
ROI 4 80,3846154 48,0769231 48,0769231 16,5384615
ROI 5 63,4328358 52,238806 48,5074627 11,1940299
ROI 6 46,2474645 25,7606491 33,6713996 13,3874239
ROI 7 6,07476636 53,271028 76,635514 7,47663551
MEAN 48,2951721 40,2430556 57,83849 10,2078105
SD 26,8650328 15,6984478 16,0276452 4,09939387

% cells expressing:

Patient sample: 15M

# cells expressing
ROIs analysed 5

total # cells
PSMA AMACR AR KI67 DAPI

ROI 1 0 783 345 1284 2175
ROI 2 0 439 604 478 2033
ROI 3 0 551 1287 403 2306
ROI 4 0 595 2645 421 3099
ROI 5 0 925 2215 526 2949

ROI 1 0 36 15,862 59,034
ROI 2 0 21,594 29,710 23,512
ROI 3 0 23,894 55,811 17,476
ROI 4 0 19,200 85,350 13,585
ROI 5 0 31,367 75,110 17,837
MEAN 0 26,4108399 52,3686211 26,2888531
SD 0 7,03650247 29,423456 18,6445647

% cells expressing:

Patient sample: 22M

# cells expressing

ROIs analysed 9
total # cells

PSMA AMACR AR KI67 DAPI
ROI 1 0 308 0 297 458
ROI 2 38 266 0 122 306
ROI 3 97 333 0 92 333
ROI 4 5 439 0 208 439
ROI 5 97 561 0 190 561
ROI 6 10 224 0 115 234
ROI 7 43 256 0 126 256
ROI 8 40 263 0 167 263
ROI 9 69 291 0 134 291

ROI 1 0 67,2489083 0 64,8471616
ROI 2 12,4183007 86,9281046 0 39,869281
ROI 3 29,1291291 100 0 27,6276276
ROI 4 1,13895216 100 0 47,38041
ROI 5 17,2905526 100 0 33,8680927
ROI 6 4,27350427 95,7264957 0 49,1452991
ROI 7 16,796875 100 0 49,21875
ROI 8 15,2091255 100 0 63,4980989
ROI 9 23,7113402 100 0 46,04811
MEAN 13,3297533 94,4337232 0 46,8336479
SD 9,98613335 11,0844506 0 12,2455007

% cells expressing:

Patient sample: 27M

# cells expressing
ROIs analysed 6

total # cells
PSMA AMACR AR KI67 DAPI

ROI 1 477 477 437 23 477
ROI 2 334 334 289 26 334
ROI 3 796 796 726 14 796
ROI 4 558 558 499 19 558
ROI 5 531 531 431 16 531
ROI 6 281 281 259 8 281

ROI 1 100 100 91,614 4,822
ROI 2 100 100 86,527 7,784
ROI 3 100 100 91,206 1,759
ROI 4 100 100 89,427 3,405
ROI 5 100 100 81,168 3,013
ROI 6 100 100 92,171 2,847
MEAN 100,000 100,000 88,685 3,938
SD 0 0 4,21438712 2,12860379

% cells expressing:

Patient sample: 29M

# cells expressing
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Figure 8.4. Spearman rank correlation for quantitative variables in the primary lesions. There was no significance found in all 
correlations between the biomarkers expression levels (A-F).  

 
Figure 8.5. Spearman rank correlation of quantitative and qualitative (iPSA, patient status (0 – dead; 1 – alive), cTNM stage, 
age and Gleason score at dx) variables in the primary lesions. There was no significance found in all correlations between the 
qualitative variables data (A-C, F). iPSA and AR were negatively correlated (r=-0,9747, p-value=0,0333). 

 
Figure 8.6. Analysis of the influence of clinico-pathological data variables at diagnosis in the patients’ survival. Kaplan-Meier 
curves with all sample data, stratified by the Gleason Score and cTNM state at diagnosis (first two graphs, from left), and by 
the first metastasis site (right).  
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Figure 8.7. Spearman rank correlation for quantitative variables in the metastatic lesions. There was no significance found in 
all correlations between the biomarkers expression levels. 

Table 8.1. Spearman rank correlation using quantitative variables (all biomarkers) for all metastatic lesions (n=6). 

 PSMA AMACR AR Ki-67 
PSMA     

r  1 0,6 0,7143 -0,8286 
p-value  0,2417 0,1361 0,0583 

AMACR     
r   1 0,5429 -0,08571 

p-value   0,2972 0,9194 
AR     

r    1 -0,6571 
p-value    0,175 

Ki-67     
r     1 

p-value     
 

 

Figure 8.8. Example of the QuPath automated cell detection tool. Scale bar – 100 µm. 

 


