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ABSTRACT 
Since 2004 chemotherapy has been a part of standard of care in prostate cancer (PC) 
and improved symptom control and survival has been demonstrated in metastatic 
castration-resistant PC. Whether docetaxel has benefits in earlier stages of PC is 
currently under investigation. Metronomic chemotherapy (MC) is used in the clinic 
mostly for elderly and fragile patients due to the relatively mild side effects, but its 
effects have not been confirmed in prospective randomized trials of sufficient size. 
The MC mechanism of action is not fully understood. For chemotherapy treatment in 
general, there is a lack of predictive and prognostic markers. 

In an animal model we showed that chemotherapy administered in a metronomic 
schedule to castrated animals had equal effect as conventionally administered 
chemotherapy given at the maximum tolerated dose. We explored the possibility of 
an anti-angiogenic mechanism of action. Induction of the anti-angiogenic factor TSP-
1 mRNA indicated a possible anti-angiogenic effect, but this was not confirmed in 
assessment of microvessel density. 

In two cohorts of patients treated with docetaxel or metronomic cyclophosphamide, 
we evaluated predictive and prognostic liquid biomarkers and found that hemoglobin 
was predictive for docetaxel treatment and that circulating cell-free DNA was 
prognostic for MC treatment. Platelet-derived proteins as potential liquid biomarkers 
in the circulation were evaluated and shown to be promising. Some proteins showed 
prognostic value in advanced PC, and a few showed predictive value. 

Chemotherapy was evaluated in early stages of PC in a randomized phase 3 study. 
For patients with recurrent disease after curative treatment or patients with high-risk 
PC not suitable for curative treatment, docetaxel combined with antiandrogen therapy 
showed advantage in progression-free survival compared to antiandrogen therapy 
alone. 

Keywords: prostate cancer, CRPC, chemotherapy, metronomic, prognostic, 
predictive, biomarkers 
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SAMMANFATTNING PÅ SVENSKA 
Många män i både Sverige och resten av världen drabbas av prostatacancer (PC). En 
stor andel av männen erbjuds botande behandling i form av operation eller 
strålbehandling, men dessvärre får en del av dessa patienter återfall. 
Bromsbehandlingen som då blir aktuell innebär medicinsk eller kirurgisk kastration, 
vilka stryper testosteronproduktionen. Förr eller senare kommer dock den 
antihormonella behandling att svikta, och cancern tillväxer trots kastration. 
Tillståndet kallas kastrationsresistens (CRPC). Vid CRPC är också fjärrmetastasering 
till skelett och lymfkörtlar vanlig, men ovanlig till inre organ. Ytterligare en andel, 
cirka 5–10 %, av männen med PC har metastaser redan vid diagnos och startar då 
antihormonell systemisk behandling. Båda dessa patientgrupper med metastaser, ofta 
med besvärande symtom, blir som regel aktuella för tilläggsbehandling i syfte att 
effektivare bromsa sjukdomen. Cytostatika är en av dessa behandlingsalternativ som 
påvisats leda till symtomförbättring och överlevnadsvinst i båda patientgrupperna.  
 
Traditionellt ges cytostatika i hög dos med några veckors intervall för att friska 
vävnader måste återhämta sig mellan doserna. Av de patienter som insjuknar i 
prostatacancer är 85% över 60 år, och vanligast är insjuknande mellan 75 och 79 års 
ålder. Då är också andra sjukdomar mycket vanliga. Hög ålder och/eller andra 
sjukdomar kan göra att många av patienterna inte tål den traditionella 
cytostatikabehandlingen. Att i stället dosera cytostatika på ett skonsammare sätt kan 
vara en stor fördel ur biverkningssynpunkt. Metronomisk cytostatikabehandling 
(MC) innebär att en låg dos ges ofta, vanligtvis dagligen i tablettform. Tidigare 
forskningsresultat har indikerat att det skulle kunna vara effekten på tumörens 
blodkärl som är viktigast vid MC.  
 
I vårt första delarbete undersöker vi verkningsmekanismen för MC. När vi studerar 
detta i humana PC tumörer i en kastrationsresistent djurmodell ser vi ingen säker 
skillnad på blodkärlen i tumörer från MC-behandlade jämfört med obehandlade djur. 
I tumörvävnaden kan vi dock konstatera att ett protein, trombospondin, som tros 
motverka kärlnybildning är ökat, vilket möjligen kan styrka teorin om 
behandlingseffekt på blodkärlen.  
 
I delarbete två undersöker vi huruvida markörer från blodprov kan ge prognostisk 
information, och särskilt vilka patienter som kommer att ha effekt av behandlingen. 
Studien avser patienter med metastaserad CRPC som ska påbörja 
cytostatikabehandling och ges antingen med traditionell dosering eller MC. I MC-
behandlade gruppen var flera av patienterna tidigare behandlade med annan 
cytostatika eller annan bromsbehandling. Ett fåtal patienter uppvisade dock god 
effekt av behandlingen. Genom marköranalyserna kunde vi utläsa att ju större mängd 
cellfritt cirkulerande DNA desto kortare var överlevnadstiden med sjukdomen. De 
patienter som hade bra blodvärde (Hb) och lägre PSA värde innan behandling 
uppvisade bättre prognos efter docetaxelbehandling. Patienterna med bra blodvärde 
uppvisade också bättre effekt av den traditionella doseringen av docetaxel. Vidare 
mättes mängden av en panel av proteiner i blodplättarna i syfte att identifiera 



 

markörer för behandling. Några markörer visade prognostiskt värde och enstaka var 
associerade med behandlingseffekt. Metoden behöver dock utvärderas ytterligare 
innan den kan användas i klinisk rutin. 
 
I sista delarbetet studeras patienter i tidigare sjukdomsfas. Två grupper av patienter 
ingick i studien där alla ingående patienter hade en relativ snabb dubbleringstakt av 
sitt PSA-värde och var utan skelettmetastaser; dels patienter diagnosticerade med en 
allvarlig cancer som ej kunde ges botande behandling, och dels patienter med återfall 
efter behandling i botande syfte. Det senare kriteriet gällde för de flesta patienterna. 
Gängse behandling för dessa båda grupper är daglig tablettbehandling med 
antiandrogen (antihormonell). I studien randomiserades hälften av patienterna till att 
dessutom erhålla traditionell cytostatikabehandling med docetaxel, med målet att ge 
8–10 behandlingar. Det visade sig att patienterna som fick cytostatika hade 
signifikant längre tid till sjukdomsprogress jämfört med patienterna som bara erhöll 
antiandrogen. Biverkningar var orsaken till att endast 50% av patienterna erhöll 
planerat antal behandlingar, medan resterande erhöll färre. 
 
Resultaten från de tre delarbetena visar att cytostatika är verksamt vid prostatacancer, 
både MC-doserad vid metastaserad CRPC och i tidigare icke metastaserad 
sjukdomsfas. Biverkningarna vid MC-dosering var mildare än vid traditionell 
cytostatikadosering. Det är högst angeläget att identifiera tillförlitliga markörer som 
kan förutsäga behandlingseffekt, men idag finns väldigt få. Detta gör valet mellan 
tillgängliga behandlingar svårt. 
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1 INTRODUCTION 

1.1 Prostate cancer disease 
PC is the most common cancer diagnosis among men in Sweden, and the second 
most common after lung cancer for men worldwide (1). The incidence of PC 
increases with age (2), and at diagnosis, approximately 85% of the patients are over 
60 years old (1). In Sweden, the most common age at diagnosis is 75-79 years (3). 
Also, the mortality rates in PC are varying between countries and continents, and 
above all, African-American men are more affected. The highest death rates are seen 
in central America, followed by Australia, New Zeeland, and Western Europe (2). In 
Sweden 2019, there were 11,000 new cases with PC and 2200 died from the disease 
that year. However, the survival rates  are improving over time and 86% of men in 
Sweden are expected to be alive ten years after diagnosis (3). 
 

Figure 1.  Falling ill in 
prostate cancer in 5-
year-old classes. Number 
of cases in 2019 in 
Sweden per 100,000 
inhabitants, The Swedish 
Cancer Society, source: 
The National Board of 
Health and Welfare (3). 
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1.1.1 Disease presentation and risk assessment 
The severity and prognosis of the disease is determined by risk-groups; low-, 
intermediate- and high-risk PC, based on tumor grade, clinical tumor stage, and 
prostate-specific antigen (PSA) level (4). The clinical tumor stage is defined between 
1 to 4 (T1 to T4) and are assessed by ultrasound, digital rectal examination, and 
magnetic resonance imaging (MRI). From prostate biopsies, the tumor is assessed 
with aspect to Gleason grade, constituting of 5 pathological patterns, Gleason grade 1 
to 5, describing the feature of tumor architecture, where Gleason grade 3 to 5 
represents cancer (5). The most common pattern and the next most common pattern 
are stated and the sum of these two Gleason grades represent the Gleason score, from 
6 to 10 (5-7). 
 
In nomogram predicting risks, patients classified as high-risk PC have a high risk of 
metastasis, cancer-specific death, and shorter overall survival (OS) (1, 4). The 
Gleason score could also be translated to ISUP (International Society of Urologic 
Pathology) grade (5), as follows: 
 

Gleason score ISUP 

≤6 1 
3+4=7 2 
4+3=7 3 

8 4 

9-10 5 

 
For locally advanced PC with or without locoregional spread a multimodal treatment 
approach is recommended. An extended growth of the cancer outside the prostate 
capsule (stage T3) or into adjacent structures and organs (stage T4) is more likely 
associated with spread to locoregional lymph nodes and distant sites. Distant 
metastasis, to bone and/or lymph nodes is most common, while visceral (i.e., liver 
and lung) metastases are rarer. In most of the western countries, about 80% of 
patients with PC are diagnosed with organ-confined disease (stage T1-T2), 15% with 
locoregional metastases and 5% with distant metastases (1). In Sweden the rate of 
distant metastases is closer to 10% according to The National Prostate Cancer 
Register of Sweden. 
 
The risk of PC is increased in case of family history of any cancer and the presence 
of PC within families. Furthermore, germline mutations in DNA damage repair 
genes, such as BRCA1, BRCA2, ATM, ATR, NBS1 mismatch repair (MMR)-related 
genes (MSH2, MSH6 and PMS2), CHEK2, RAD51D and PALB2, implicate an 
increased risk of early onset of PC. Such mutations are also overrepresented in 
metastatic PC (mPC) (1).  
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PC is in most cases an androgen dependent cancer, and the androgen receptor (AR) is 
a frequently studied oncogene and the targeted receptor for PC treatment. The most 
efficient ligand to AR is dihydrotestosterone (DHT), which is required for nuclear 
translocation, binding to androgen response element (ARE) and transcription of 
target genes (1). 
 
Androgen deprivation therapy (ADT) is the mainstay in the treatment for locally 
advanced, high risk and metastatic PC; gonadotropin-releasing hormone agonists 
reduce luteinizing hormone (LH) resulting in testosterone drop to a level of medical 
castration. Surgical castration has the same effect (1). It is well known that surgical 
castration and ADT often generate AR alterations such as gene amplifications (8), 
gain-of-function mutations that affect the receptor specificity enabling other ligands 
to bind (9), modifications making the rector super sensitive to testosterone (10), and 
finally AR splice variants (11) (more discussed in chapter 1.6.). AR overexpression is 
almost entirely demonstrated in castration-resistant PC (CRPC), defined as active 
disease despite ADT treatment with castrate levels of testosterone in the circulation 
(12). This state is considered to be driven by androgens produced in the tumor or 
increased sensitivity of AR to low levels of androgens due to mechanisms described 
above (13). Furthermore, during lifetime and the disease evolution, other somatic 
mutations are overrepresented in the prostate epithelial cell genome and in PC (1). 
(Some of these changes are further described in chapter 1.6.). 
 
A poorly differentiated and more aggressive variant of PC is known as 
neuroendocrine PC. De novo neuroendocrine PC, also known as small cell 
carcinoma, is associated with lack of tumor AR expression, less PSA production and 
poorer response to ADT than adenocarcinomas. The entity is associated with loss of 
tumor suppressor genes (RB1, TP53), and gain of oncogenes (MYCN, AURKA). At 
diagnosis neuroendocrine PC is rare (<2% of all patients), but PC tumors can also 
develop towards neuroendocrine PC during PC treatment, which is more common 
(<20% of all CRPC) (1). 
 
For patients with mPC at diagnosis, also defined as metastatic castration-sensitive PC 
(mCSPC), about 90% respond to ADT and have a median OS of about 18 months. 
This response could be extended to approximately 2.5 years if first generation of 
antiandrogens followed by docetaxel also are used (14). However, many of these 
patients are in a physical condition enabling further cancer treatment, also including 
second generation anti-hormonal manipulation and other treatment options. 
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1.1.2 Curative treatment and biochemical recurrence 
For curative purposes, treatment options depend on risk-category, ECOG 
performance status, comorbidity from other diseases, life expectancy, but also, 
individual choices by the patients and co-operation. Available curative treatment 
options are radical prostatectomy and radiotherapy, with or without additional anti-
hormonal therapy.  
 
After treatment with prostatectomy or radiotherapy, biochemical recurrence is 
detected in 27 to 53% of the patients (15). Biochemical recurrence is defined as 
PSA>0.1 ng/mL after prostatectomy, and 2 units above PSA nadir after radiotherapy 
(16). How to best manage patients with manifest biochemical recurrence without 
metastases has not yet been established due to limited evidence (17). For patients 
who experience biochemical recurrence after radical prostatectomy, additional 
salvage radiotherapy to the prostate bed should be considered (18, 19). Systemic 
treatment of biochemical recurrence with ADT, intermittent or continuous, is the 
most common intervention (20). The time point for initiation of ADT is of 
importance for OS (15, 21, 22). Metastasis-free survival (23), PSA doubling time 
(PSADT) (15, 24-26) and Gleason score of the primary tumor(15) are probably the 
best prognostic factors for guidance in this decision. In Sweden and Scandinavia, due 
to fewer expected side effects, the antiandrogen bicalutamide is often used as an 
option to ADT in patients with biochemical recurrence and without metastasis (27, 
28). In addition, there is an up-coming paradigm shift due to access of imaging by 
prostate-specific membrane antigen (PSMA)-PET, which reveals metastases at earlier 
stages compared to MRI and CT. A key question is how to best manage 
oligometastatic disease and if metastasis-directed therapy is of benefit for OS (1). 
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1.2 Chemotherapy for PC 

1.2.1 Historical view 
Historically, the treatment for patients with advanced and/or metastatic disease was 
surgical castration and or anti-hormonal treatment. In 1941 Huggins and Hodges 
demonstrated the great effect of orchidectomy and estrogens for patients with 
advanced PC (29). About 20 years later it was shown that an oral estrogen, 
diethylstilbestrol, had the same efficacy as surgical castration (30, 31) and could be 
used as an alternative treatment. After another 30 years the first gonadotropin-
releasing hormone agonists, including goserelin acetate, became available resulting 
in fewer unwanted cardiovascular side effects compared to diethystilbestrol (32). Still 
today, gonadotropin-releasing hormone agonists or surgical castration are the main 
therapies for the initial intervention of the later stages of disease. 
 
Chemotherapy was for a long time not used in the treatment of PC. The consensus in 
the mid 80s was that chemotherapy gave no palliative effect for patients with 
advanced PC (33, 34). However, most studies regarding chemotherapy for patients 
with advanced PC that were done in the 70s and 80s were small non-randomized 
phase 2 studies, often with insufficient number of patients (33, 35). Nevertheless, 
substantial research into chemotherapy in PC was undertaken during that time period. 
Gerald Murphy was one of the initiators of the American National Prostatic Cancer 
Project (NPCP), which set criteria for the inclusion of patients in chemotherapy 
studies and for the evaluation of treatments. Many studies were also performed 
outside the NPCP, but they often used the same criteria (36). Most studies included 
patients with progressive disease on castration therapy, but the effect of 
chemotherapy was also tested in earlier disease stages (35). 
 
Many existing chemotherapy agents used for other malignancies were tested within 
the framework of the NPCP. Drugs such as cyclophosphamide (CPA), 5-fluoroucil 
(5-FU), estramustine phosphatase, and streptozocin showed some improvements as 
single therapies (37). It was also realized that combinations of drugs might be more 
effective than each of the single drugs on their own. For example, adriamycin 
showed an improved effect in combination with CPA and methotrexate or 5-FU (36). 
Examples of evaluation methods that were used include the level of acid phosphatase 
(“sura fosfataser”), the distribution of osteolytic or osteoblastic skeleton lesions by 
radionuclide scan and/or radiography, symptomatic control of pain, and sometimes 
assessment of quality of life (37, 38). Before radiological methods such as computed 
tomography were available and before PSA was known to be a biomarker of PC (38), 
the treatment evaluations were much less accurate than today. However, the overall 
rate of complete responses and partial responses was 4.5% and stable disease around 
20% when evaluating around 1,400 patients in 17 randomized trials. At that time, 
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these results were only hypotheses-generating for future phase 3 trials and were not 
sufficient for therapy recommendations (33, 35). 
 
In 1996 Tannock et al. and in 1999 Kantoff et al. showed that mitoxantrone with 
prednisone improved the quality of life and relieved the symptoms of the disease 
more effectively compared to prednisone alone for patients with metastatic hormone-
resistant prostate cancer, but there was no difference in OS (39, 40). Mitoxantrone, a 
type II topoisomerase inhibitor that interrupts DNA synthesis and repair was 
approved by FDA in the United States but was not generally licensed due to the lack 
of survival benefit. Mitoxantrone was often used as the control arm in subsequent 
clinical trials (41). 

1.2.2 Docetaxel for metastatic castration-resistant PC (mCRPC) 
In 2004 two phase 3 studies showed advantages for docetaxel. Both TAX327 as 
reported by Tannock et al. and SWOG 99-06 as reported by Petrylak et al. presented 
prolonged life and improved quality of life for the patients with mCRPC receiving 
docetaxel or docetaxel in combination with estramustine compared to patients 
receiving mitoxantrone (42, 43). However, estramustine was considered to have no 
additive effect to docetaxel but to have cardiovascular side effects, and thus this 
combination never became an established treatment option (44, 45). Both studies 
used a daily dose of 10 mg prednisone. Docetaxel was introduced as a standard 
treatment for patients with mCRPC, and this was a therapy breakthrough for 
prolonging these patients’ lives. 
 
In these two pivotal studies, docetaxel was given every 3rd week at 70–75 mg i.v. per 
m2 body surface area, and this schedule became the standard for docetaxel treatment 
in PC. In the TAX327 study, the third experimental group received docetaxel once a 
week 30 mg i.v. per m2 body surface area, and this docetaxel regimen did not show a 
benefit compared to mitoxantrone. However, a few years later the Norwegian 
Urologic Cancer Group reported a randomized phase 2 study showing that weekly 
docetaxel at 30 mg per m2 body surface area with a daily dose 10 mg prednisone was 
superior to prednisone alone (46). 

1.2.3 Docetaxel – The mechanism of action 
Taxanes (paclitaxel, docetaxel, and cabazitaxel) belong to the antimitotic and 
microtubule-stabilizing chemotherapeutic agents (47). Microtubules are tube 
formations assembled from α- and ß-tubulin heterodimers, and they constitute a key 
function in the whole cell architecture (41). The most important described effect of 
taxanes is the binding of ß-tubulin (mainly class ßIII-tubulin), thereby preventing the 
disassembly of microtubules. Such disassembly is an important step in cell division 
and preventing this results in G2/M cell cycle arrest and mitotic failure and/or 
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apoptosis (48, 49). However, it was highlighted that most of these studies have been 
in vitro experiments and are not representative of the PC tumor in vivo (50). 
Recently, in vivo studies and tumor biopsies from patients showed that microtubule 
bundling 2–3 days after docetaxel administration corresponded with treatment 
response, and this was verified with immunohistochemistry. Microtubule bundling 
refers to the extensive reorganization of the microtubule network into dense 
microtubule bundles that are visualized under a microscope. Individuals with poor 
treatment response showed a lesser degree of microtubules bundling, and this was 
interpreted as a resistance mechanism (51). Other studies indicated that taxanes can 
favor apoptotic cell death via inhibition of the anti-apoptotic protein B-cell 
lymphoma 2 (Bcl-2) (52), but the potential of this mechanism was  not  confirmed in 
vivo (41).Taxanes, especially paclitaxel and docetaxel, have also shown the ability to 
downregulate AR expression, inhibit subsequent transcriptional activity, impair AR 
translocation, and repress AR activity mediated by FOXO1 (53-56). In contrast, 
using both in vitro and in vivo methods de Leeuw et al. demonstrated that taxanes, 
including both cabazitaxel and docetaxel at clinically relevant concentrations, did not 
affect AR localization or activity when cytotoxic and cytostatic effects were 
measured (57). Also, Mang et al. showed in 2017 that the androgen-driven nuclear 
translocation of AR was not disturbed by docetaxel, and they suggested that down-
regulation of activated ERK1/2 is important for the efficacy of taxanes (58). Of note, 
both de Leeuw et al. and Mang et al. used significantly lower concentrations of the 
drug than studies showing AR translocation. A third study could not confirm that 
taxanes inhibited AR nuclear translocation despite the tumor response to the 
treatment (51).  
 
It has also been suggested that microtubule-stabilizing drugs given in low-dose 
regimens could favor the anti-angiogenic properties of the drug, but no randomized 
studies have demonstrated this mechanism (47).  

1.2.4 Docetaxel – Resistance mechanisms 
About half of the patients with mCRPC respond to docetaxel initially (42). The 
mechanisms for initial response or resistance to taxanes are not fully understood.  
Furthermore, during the treatment period an increasing degree of resistance is 
common. A variety of resistance mechanisms to docetaxel have been described in the 
literature, and a deeper understanding of these is of importance for the development 
of new drugs and for the optimal use of existing drugs (59). Much of the research 
regarding docetaxel is focused on preventing resistance to the drug and improvement 
of the drug delivery.  
 
Gjyrezi et al. (51) divided the mechanisms of resistance to taxanes into two main 
groups. One group involves the lack of drug targets, meaning that the taxane cannot 
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exert its effect on the microtubules and thus cannot stabilize them and form 
microtubule bundles. One example is the mutation and overexpression of ß-tubulin; 
however, this was mainly shown in animal and in vitro studies, and has not been 
convincingly shown in PC patients (51, 60). The most described resistance 
mechanism to doctetaxel is the increased expression of P-glycoprotein, also known 
as ABC-B1, which is the product of the MDR1 gene. This is an intracellular ABC 
transporter, i.e., an efflux pump, with great affinity to docetaxel, and it is therefore 
able to reduce the docetaxel levels in the cancer cells (59, 61). In patients with 
mCRPC, a higher level of P-glycoprotein was detected than in patients with mCSPC 
(62). Also, intratumor levels of docetaxel were consistent with drug resistance, and in 
docetaxel and enzalutamide-resistant tumors cabazitaxel showed a stronger anti-
tumor effect with a higher intratumoral drug concentration (63). Cabazitaxel has a 
much lower affinity for the P-glycoprotein and shows activity in cancer cells with 
intrinsic or acquired resistance to docetaxel (64).  
 
Other mechanisms of resistance involve alterations in the downstream pathways such 
as increased BCL-2 and MCL1 expression, lack of functional p53, upregulation of 
Notch, NFkB activation, or increased GATA2-IGF2 (51). Activation of AR is a 
normal pathway in PC tumors, and the intracellular transportation of AR is dependent 
on functional microtubules. For the abnormal AR splice variants, where the receptor 
has lost its ligand binding domain, in vivo studies showed that ARv567es still needs 
the microtubules for nuclear AR transportation, while AR-V7 can activate 
transcription micro-tubule independent. In animal studies, AR-V7 was found to be 
resistant to docetaxel while ARv567es still responded to the same treatment (65). 
Antonarakis et al. reported that mCRPC patients, with tumors in which AR-V7 was 
detected, did not respond to abiraterone or enzalutamide (66). Notably, the presence 
of AR-V7–positive circulating tumor cells (CTCs) in the same patient group could 
not predict response to docetaxel (67). Scher et al. demonstrated a poorer OS for AR-
V7–positive mCRPC patients compared to AR-V7–negative patients who were 
treated with taxanes. Importantly, for the AR-V7–positive patients, the OS was better 
after taxanes than after treatment with androgen-signaling-targeted inhibitors 
(ARSIs) (68). 

1.2.5 Clinical resistance 
Regarding demonstrated resistance mechanisms, most of the studies have been 
performed in vitro and do not fully reflect the physiological complexity of tumors. 
Importantly, chemotherapy is only effective for cycling cells, while dormant cells in 
G0 cell cycle phase are mainly unaffected (69). Tumor cell proliferation, usually 
assessed by the proliferation marker Ki-67 in diagnostic biopsies, determines the 
growth rate before therapy (70). Upon genotoxic damage tumor cells usually die 
through apoptosis or mitotic failure (71), and initial tumor response to chemotherapy 
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resulting in shrinkage provides prerequisites for previous dormant cells to be 
recruited into the cell cycle and to undergo accelerated cell division. Therefore, 
repopulation may occur between the cycles of chemotherapy usually given every 
third week, resulting in tumor regrowth during the latter part of the treatment. This 
phenomenon is interpreted as clinical chemotherapy resistance although the tumor 
cells are still sensitive to the drug (69). Furthermore, the number of cells that it is 
possible to kill depends on factors such as tumor blood supply, metabolic 
environment (pH, pO2, etc.) and the intrinsic sensitivity of the cancer cells (72). 
Thus, aside from possible resistance mechanisms, the repopulation of a tumor 
depends on the killing fraction of each treatment cycle and the proliferation rate 
stimulated by the treatment itself (73).  

1.2.6 The use of chemotherapy in mCRPC 
Regarding the dosage of docetaxel for patients with mCRPC, it has become more 
common to use docetaxel every 2nd week instead of every 3rd week because a phase 3 
multicenter study with patients from Finland showed improved time to treatment 
failure for the every 2nd week group and that grade 3 and 4 events were fewer 
compared with the every 3rd week group. Importantly, febrile neutropenia occurred in 
4% compared to 14%, respectively (74). 
 
Historically, corticosteroids were added to chemotherapy for patients with mCRPC. 
In the registration studies of docetaxel, a daily dose of prednisone was used (42, 43), 
and in the later stages of mCRPC it has been shown that corticosteroids have some 
additional effects to docetaxel (75). An advantage of corticosteroids together with 
docetaxel in early stage of the disease has not been shown (76). 
 
Cabazitaxel is another drug of the taxane family, and in 2010 it was shown to have an 
advantage over mitoxantrone, prolonging OS by 2 months in the second line setting 
after progression on docetaxel (77). In 2017 it was also shown that cabazitaxel has 
similar efficacy as docetaxel for patients with mCRPC in the first line setting (78). 
Lately, cabazitaxel has also shown an effect as third line treatment in patients with 
tumor progression after docetaxel and ARSIs (79). 
 
Furthermore, platinum-based chemotherapy has also been studied for PC, often in 
combination with other chemotherapy agents. The results are promising, but many 
studies are performed without a control arm (80). 
 
In a register-based study, the use of chemotherapy in men with mCRPC in Sweden 
was assessed in 2013. Of 2,677 men who died from PC, 21% were treated with 
intravenous or oral chemotherapy and docetaxel was the most common drug, which 
was administered in 83% of the men, and 9% of the men received CPA. Of men aged 
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80–89 years; 12% were treated with chemotherapy compared to 44% of the men aged 
70–79 years (81). Recently, an American register-based study reported on 2,500 
patients with mCRPC treated between 2013 to 2017. The median age was 74 years; 
77% of the patients received a first line therapy, 72% a second line and 71% a third 
line. Docetaxel was given as first line in 15%, second line 14% and third line 24% 
(82). 
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1.3 Other treatment options for mCRPC and non-
metastatic CRPC 

After the pivotal studies showing the benefit of docetaxel in mCRPC, several new 
drugs have been registered for treatment in late stage PC. Abiraterone acetate is an 
inhibitor of the enzyme cytochrome p450 17A1 (CYP17A1), which is an important 
enzyme in the synthesis of androgens (83). Thus, the effect of the addition of 
abiraterone to ADT is to inhibit the existing androgen stimulation (14). Another drug, 
enzalutamide, binds to the AR and inhibits its translocation to the nucleus, and thus 
prevents further transcription of genes dependent of androgen (84). Treatment with 
abiraterone and enzalutamide substantially increases OS for patients with mCRPC 
both pre- and post-chemotherapy (85-88), and side effects from these drugs are well 
tolerated. Furthermore, studies of the AR blocking agents apalutamide, darolutamide, 
and enzalutamide all showed improvements in metastasis-free survival and OS in 
patients with tumor progression to non-metastatic CRPC (nmCRPC) after curative 
treatment, i.e., patients without detectable metastases with conventional imaging (89-
91). 
 
Treatment with six cycles of the α-emitter radium-223 was demonstrated to prolong 
OS in patient with mCRPC in a double-blind placebo-controlled study (92), and 
today this is mainly used as third line therapy at disease progression after previous 
treatments with docetaxel and at least one treatment with ARSIs according to 
decision of the European Medicines Agency (EMA) in 2018, referenced by EAU 
guidelines. 
 
177Lutetum PSMA-617 is a targeted radio-physiological treatment with promising 
results (93). The drug has been evaluated in third line treatment in mCRPC patients 
with PSMA-positive tumors, and a recent report showed a significant benefit of OS 
compared to standard of care (94). 
 
Also, in the United States the autologous cellular immunotherapy sipuleucel-T has 
been licensed since 2010 (95), and recently the PARP-inhibitor olaparib was 
approved for patients with alterations in DNA damage repair genes, including 
BRCA1, BRCA2, and ATM after progression on ARSIs (96). 
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1.4 Metronomic chemotherapy in mCRPC 

1.4.1 Metronomic chemotherapy (MC) – Definitions and history 
MC refers to frequent or continuous administration of chemotherapy drugs at low 
doses over a long period. This was first introduced by Douglas Hanahan based on 
studies done by Judah Folkman’s and Robert Kerbel’s research groups (97-99). 
Conventionally administered chemotherapy, based on the maximum tolerated dose 
(MTD), often results in side effects from mucosal membranes and the bone marrow 
that are dose limiting. Therefore, a drug-free break for recovery from side effects is 
necessary. Browder et al. showed that subcutaneously administered CPA every 6th 
day to mice bearing a drug-resistant tumor graft inhibited tumor growth more 
effectively than the conventional dosage every 3rd week. Furthermore, the endothelial 
cells showed a higher rate of apoptosis than the tumor cells after the “anti-angiogenic 
schedule” compared to the conventional schedule (98). Similarly, contemporary 
results from Klement et al. showed that frequent treatments with low-dose 
vinblastine in combination with a monoclonal antibody targeting vascular endothelial 
growth factor (VEGF) receptor 2 for xenografts in mice was effective compared to 
single treatment or control, and tumor shrinkage followed by a stable non-relapsing 
tumor and without any overt toxicity was achieved (99). Histopathological 
assessments showed that all MC treatments induced apoptosis. Cell death was most 
pronounced in the endothelial cells after the combined treatment with CPA and 
VEGF receptor 2 inhibition, and this treatment resulted in lower tumor angiogenesis 
and blood perfusion compared to single treatment and control (99). 

1.4.2 MC – The mechanism of action 
The initial studies suggested that MC mainly exerted its anti-angiogenic effect (98, 
99) by destroying the proliferating endothelial cells required for the blood vessels 
that are needed for tumor growth (100). In addition to the direct toxic effects on 
endothelial cells, it was shown that thrombospondin-1 (TSP-1) might be a possible 
mediator of the anti-angiogenic effect (101-104). Endothelial cells and fibroblasts are 
involved in wound healing through the secretion of pro-angiogenic signals to induce 
new blood vessels and tissue repair. For this purpose, platelets release numerous 
angiogenic factors affecting angiogenesis (105) that are important for sprout 
formation, endothelial cell proliferation, tube formation, and vessel stabilization 
(106). Under normal circumstances these events are suppressed and regulated by 
inhibitors of angiogenesis, but in the tumor environment oncogenic stimulators 
prevent these anti-angiogenic factors from functioning thus stimulating angiogenesis 
(106). Kerbel et al. have performed several studies in preclinical models of anti-
angiogenic treatment for metastatic disease in different tumor types, and his group 
has also reported on the “vessel co-option” phenomenon, meaning that the metastases 
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are not dependent on their own vessels, but instead use vessels already present in the 
tissue invaded by tumor cells. This mechanism was demonstrated in breast cancer 
with lung metastases, in colorectal cancer with liver metastases, and in glioblastoma 
with brain metastases. The “vessel co-option” phenomenon might be interpreted as 
resistance to MC (107).  
 
However, the mechanism of action from MC is still not fully understood. About 10 
years after the studies of Klement and Browder described the anti-angiogenic effect, 
it was considered that the mechanism of action of MC probably was more complex 
(108). Today MC is considered a multi-target therapy, able to directly attack tumor 
cells (109, 110), exert antiangiogenic effect and also able act by inducing stromal and 
immunological effects (111, 112). Immunosuppressive regulatory T-cells are 
important for the maintenance of immune tolerance i.e. preventing autoimmune 
diseases. Concerning tumor control, MC has also been shown to have an 
immunostimulatory effect, both on the innate and adaptive immune response. A 
reduction of CD4+CD25+ regulatory T-cells was measured after MC both in 
preclinical studies and in patients (113, 114). In a preclinical model, Doloff and 
Waxman showed growth regression together with activation of the innate immune 
system by giving the animals CPA intraperitoneally (i.p.) every 6th day but not for the 
daily dosing via drinking water. Natural killer (NK) cells, dendritic cells, and 
macrophages were enriched in the tumor tissue by this schedule of MC (115-117). 
The MC regimen increased the numbers of intra-tumoral CD4+ and CD8+ T cells that 
would be expected to contribute to the immune response via activation of NK cells 
(117, 118).  This immunostimulatory effect of the MC treatment was recently 
demonstrated in a breast cancer model and was found to be associated with increased 
expression of PD-L1, but an anti-PD-L1 treatment added to the MC treatment did not 
result in any improvement of the effect (118). 
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Figure 2.  Mechanism of action of metronomic chemotherapy. Redrawn and modified from (110, 
119) and created with BioRender.com. 

 

1.4.3 MC use 
MC has been used clinically for many cancer types, but there is a lack of randomized 
trials evaluating this dosage regimen (120). In breast cancer treatment, MC is 
sometimes used for some patients with non-metastatic advanced disease, but 
available evidence comes from phase 2 studies (121). For patients with metastatic 
colorectal cancer, the phase 3 CAIRO3-study showed a significant prolonged 
progression-free survival (PFS) after the addition of MC maintenance therapy versus 
observation after induction therapy (122). 
 
MC was evaluated for PC in 1993 in a small phase 2 study. The intention was to find 
a treatment that is well tolerated for older patients and patients with poor physical 
conditions. Thirty chemotherapy-naïve patients with mCRPC treated with 100 mg 
oral CPA per m2 body surface area on a 2 weeks on and 2 weeks off regimen 
experienced reduction of tumor-associated symptoms in 60% of cases, significant 
reduction of pain in 70% of cases, and improvement of ECOG performance status in 
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33% of cases, and 20% of the patients had partial tumor response, 43% had stable 
disease, and 33% had tumor progression (123). In the following studies, oral CPA 
has been used as a single agent or in combination with other drugs. CPA is an 
alkylating agent, and a prodrug that require activation in the liver. Its mechanism of 
action is by forming DNA-DNA crosslinks, inhibiting DNA synthesis and thereby 
cell death (124). The results of MC CPA showed some positive effects, but this 
treatment needs to be further evaluated clinically in randomized studies (107, 119, 
120, 125). However, there are case reports of unexpected treatment effects of MC for 
patients with mCRPC. For example, an outstanding response to MC CPA and 
prednisone was demonstrated in a patient with massive liver metastasis (126) and in 
two patients with homologous recombinant deficiency who had progressed on 
abiraterone and docetaxel (127). Today, orally taken CPA is used in the clinic for 
patients as the last line of treatment, and also for elderly PC-patients and patients 
with comorbidities who are not healthy enough for conventionally administered 
chemotherapy, and MC can be better tolerated in these cases (128). 
 
 

Ref Size Age 

Median 

Previous 

Docetaxel n 

(%) 

Other 

Chemotherapy n 

(%) 

CPA regimen PSA decline 

>50% n (%) 

Median 

PFS 

Median 

OS 

(129) 23 74 23/23 (100) 13/23 (57) 50mg+P 6/23 (26) 6 11 

(130) 29 83 9/29 (31) 19/29 (34) 100mg+C+D 13/29 (45) 8 20 

(131) 17 68 17/17 (100) 0 50mg+D 4/17 (24) NA 24 

(132) 28 75** 14/28 (50) 2/28 (7) 50mg+D 7/28 (25) 4 NA 

(133) 24 75 11/24 (46) 20/24 (83) 50mg+D 8/24 (33) 5 19 

(134) 40 69 40/40 (100) 7/40 (18) 50-150mg*+P 8/40 (20) NA 12 

(135) 37 75 23/37 (62) 12/37 (32) 50mg+PorD 17/33 (51) 11 28 

(136) 74 74 74/74 (100) 3/74 (4) 50mg 12/74 (15) 4 8 

Table 1. Studies using CPA with or without corticosteroids in the post-docetaxel era for mainly pretreated 
patients with mCRPC. CPA = cyclophosphamide; D = dexamethasone; P =prednisone; C =celecoxib; NA 
= not applicable; * 2 weeks of treatment one week of paus; **mean age 
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1.5 Chemotherapy for early stage of PC 
After the established efficacy of docetaxel in mCRPC, this treatment was 
investigated for early stages of PC disease. Chemotherapy was evaluated in newly 
diagnosed mCSPC when added at the initiation of the testosterone depression 
treatment. In the first published study, GETUG-AFU 15, 9 cycles of docetaxel plus 
ADT were compared to ADT alone, and the OS was not improved by adding 
chemotherapy (137). A plausible reason was suggested in the re-assessment of the 
GETUG-AFU 15 results showing that 85% of the patients in the control arm received 
docetaxel at disease progression to mCRPC compared to 48% in the following 
CHAARTED trial and 40% in the STAMPEDE trial (76). In the following studies, 6 
cycles of (3-weekly) docetaxel were prescribed in the experimental group (138, 139) 
compared to 10 cycles of (3-weekly) docetaxel prescribed for patients with mCRPC 
in the registration studies (42, 43). Both the CHAARTED and STAMPEDE trials 
showed an OS benefit with the addition of docetaxel compared to ADT alone (138, 
139), and this is now the standard of care for patients with newly diagnosed mPC. 
Further follow up confirmed that patients with low-volume disease in the 
CHAARTED study had no OS benefit from docetaxel, while the high-volume 
patients showed a benefit of about 17 months over ADT alone (140). In contrast, 
follow up of the STAMPEDE study showed that both low- and high-volume disease 
had a benefit from docetaxel (141). High volume was defined as ≥4 bone metastases, 
with at least one outside the axial skeleton, and/or visceral metastases (138). 
 
It was suggested that the principal difference between the CHAARTED and 
STAMPEDE cohorts was that STAMPEDE included a much higher proportion of de 
novo mCSPC, including 95% with M1 disease in STAMPEDE compared to only 
about 75% in other studies (141). Patients with de novo mCSPC generally have a 
more aggressive disease compared to patients who have developed metastases after 
previous curative treatment (142). 

1.5.1 mCSPC – Other treatment options 
Abiraterone and recently also both enzalutamide and apalutamide have shown 
improvement in PFS and OS in patients with mCSPC and are today an option to 
docetaxel also in this stage of disease (143-147). Both the TITAN and the 
ENZAMET studies allowed previous or concomitant use of docetaxel in addition to 
ADT plus enzalutamide and abiraterone, respectively. In the ENZAMET study, 
which was not designed for the evaluation of the effect of additional docetaxel, more 
side effects were observed, especially peripheral neuropathy (148). In the TITAN 
study only 11% had received prior docetaxel, making the sub-group too small to 
draw any conclusions about (149). Also, the benefit of local treatment of the primary 
tumor was recently shown for patients diagnosed with mCSPC having only a few 
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metastases to the bone, lymph nodes, or both (150, 151). Of note, 18% of patients in 
the study of Parker et al. had received docetaxel treatment as part of standard of care 
in the STAMPEDE trial (150). 
 
For patients with mCSPC, results from studies using combinations including 
docetaxel are emerging. For example, PEACE-1 (NTC01957436), a four-arm trial 
included combinations of ADT, docetaxel, abiraterone, and radiotherapy of the 
primary tumor, and the ARASENS study (NCT02799602) evaluated the addition of 
darolutamid to standard ADT plus docetaxel (152). The first results of PEACE-1 
were presented at ASCO 2021 (153). 

1.5.2 Chemotherapy for non-metastatic CSPC 
Also, the effects of adding docetaxel to anti-hormone therapy to patients with 
biochemically recurrent disease after curative treatment were studied. Prior to the 
design of the SPCG-14 study (paper 3), only small non-randomized studies with 
promising outcomes had been reported using docetaxel for 4–6 cycles with or 
without estramustine (154-157). Recently, a French randomized study was published 
that evaluated 6 cycles of docetaxel added to only a year of ADT. No PSA PFS 
benefit was seen after 30 months of follow up (158). 
 
Furthermore, docetaxel was evaluated for patients with non-metastatic high-risk PC 
in several studies. These studies included adjuvant or neoadjuvant docetaxel to 
prostatectomy (159-162) or radiotherapy (163-166). The majority of these studies 
were negative or showed no convincing benefit of docetaxel (167, 168). However, 
the GETUG 12 trial demonstrated that the addition of docetaxel and estramustine to 
long-term ADT improved relapse-free survival compared to ADT alone (163). The 
RTOG 0521 study showed that adding docetaxel to long-term ADT and radiotherapy 
improved OS compared to ADT alone (164). 
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1.6 Prognostic and predictive factors 
To assess the risk of various events in PC disease such as PSA relapse, regional 
spread, development of distant metastasis, and death, knowledge about prognostic 
and predictive parameters is required. Besides patient-associated and tumor-staging 
parameters, reliable and validated laboratory methods are necessary to identify 
specific genomic alterations that are prognostic and predictive markers (1).  
Prognostic markers inform about risk of events occurring and the likelihood of 
disease progression or death. Predictive markers inform about the probability of 
response to a specific treatment (169). 

1.6.1 Pathological factors affecting prognosis in association with 
docetaxel treatment 

Gleason score 
In PC, the Gleason score at diagnosis is one of the most solid prognostic factors (1). 
In a large cohort of patients with PC receiving local radiotherapy, survival was 
evaluated after the addition of ADT. It was shown that patients with Gleason score 9-
10 saw very little benefit of ADT. Therefore, these patients require other treatment 
options both in an adjuvant setting and at disease progression (170). For patients with 
mCRPC in the TAX327 study, a post hoc analysis showed that patients with tumors 
with a Gleason score of 7 or higher had a far better survival benefit from docetaxel 
treatment compared to patients with lower Gleason score (171). Surprisingly, from 
studies evaluating docetaxel in mCSPC, patients with Gleason score below 8 appear 
to benefit the most from the addition of docetaxel to ADT (76, 172). 
 
Ki-67 
Ki-67 is a protein that is only expressed in dividing cells. The expression is observed 
only in the nucleolus in early G1 phase followed by a steadily increasing expression 
in the nucleus with the progression of the cell cycle but is downregulated in the G0-
phase. Ki-67 is the most common parameter used for determination of the 
proliferation index, i.e., the proportion of cycling cells in a tissue section determined 
by immunohistochemistry. Compared to other cancer diagnoses, the Ki-67 
proliferation index in PC is rather low, between 5% and 10% for the lower Gleason 
scores (70), but increases along with loss of differentiation and with increasing 
Gleason score (58). Ki-67 is established as a prognostic factor for PSA relapse after 
curative local therapy, metastasis, and cancer-specific mortality (173). 
 
Tumor suppressor genes 
Different genomic alterations have been shown to be associated with the prognosis of 
PC. Loss of the tumor suppressor gene PTEN is correlated with pathologic grade and 
is a strong negative prognostic factor for PC (70), and rearrangements of the PTEN 
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and ERG genes are common features in PC tumors (70, 174). Patients with mCRPC 
and loss of PTEN receiving docetaxel have worse OS compared to those with intact 
PTEN. A multivariate analysis showed that PTEN loss, elevated lactate 
dehydrogenase, and low albumin were associated with poor OS. However, in patients 
with proven PTEN loss, docetaxel was still found to be effective (174). On the 
contrary, a clinical study in patients with high-risk PC receiving adjuvant docetaxel 
post-surgery showed a shorter PFS in patients with PTEN loss compared to those 
with normal PTEN expression (175). PTEN loss induces PI3K activation, mediates 
resistance to ADT (176) and predicts response to AKT inhibitors (177). The tumor 
suppressor genes TP53 and RB1 are frequently altered in mCRPC but less so in 
localized PC. The frequency of alteration in PTEN, TP53, and RB1 is associated with 
the risk of relapse after curative treatment for localized PC. These gene alterations 
are more frequent in mCRPC compared to earlier states of disease (178, 179). The 
loss of Rb1 was sufficient to drive HSPC to CRPC in animal studies and is strongly 
associated with poor outcomes. Also, in mouse models the combination of Tp53 loss 
and Rb1 loss promotes the transition to neuroendocrine features (1). 
 
TMPRSS2-ERG fusion 
In PC tumors gene fusions involving TMPRSS2 and ERG are common with a 
frequency of more than 50% (180), but what impact these rearrangements might have 
on prognosis is still controversial. Reig et al. demonstrated TMPRSS2-ERG 
rearrangement and resistance to taxanes. They identified TMPRSS2-ERG from 
peripheral blood mononuclear cells using mRNA and quantitative polymerase chain 
reaction (qPCR) techniques, and TMPRSS2-ERG fusion was associated with worse 
PSA PFS (181). It was highlighted that the frequency of TMPRSS2-ERG fusion 
detected in the Reig et al. study was rather low when assessed by the CTC/qPCR 
techniques in comparison with previous studies with immunohistochemistry (174). 
 
DNA damage repair genes 
Interestingly, PC tumors in the late stage, i.e., mCRPC, show alterations in DNA 
damage repair genes in approximately 20% of cases, and the most common mutated 
genes are BRCA2, BRCA1, and ATM (70). An almost 2-fold enrichment of these 
mutations is seen between newly diagnosed PC and mCSPC in patients with 
germline mutations compared to mCRPC generated by somatic mutations (1, 70). 
Retrospective studies have indicated that patients with germline mutations in their 
tumors have an improved effect of platinum-based chemotherapy (182, 183). For 
treatment with the PARP-inhibitor olaparib in the TOPARP-A study, altered DNA 
damage repair genes were predictive for response (184). 
 
ßIII-tubulin overexpression 
Overexpression of ßIII-tubulin is an identified resistance mechanism to docetaxel, 
and mCRPC patients with high amounts of tumor ßIII-tubulin have worse response 



Aspects of Chemotherapy in Prostate Cancer 

20 

rates to docetaxel and shorter OS after treatment compared to patients with normal 
levels of tumor ßIII-tubulin (185). 
 
AR-V7 
Tumors positive for splice variant 7 of the androgen receptor (AR-V7) are lacking 
the ligand-binding domain, which is the target for ARSI treatments. Antonarakis et 
al. found that this variant did not predict response to docetaxel treatment (66, 67) 
even though a poorer prognosis for AR-V7–positive patients treated with docetaxel 
compared to AR-V7–negative patients was seen (68). 
 
AR aberration 
In cohorts of mCRPC patients, it was shown that AR status in plasma may affect the 
response to ARSI treatment. AR copy number gain before start of ARSI was 
associated with poorer OS and less response to ARSI, but better response to 
docetaxel (186, 187). 

1.6.2 Clinical aspects affecting prognosis in association with 
docetaxel treatment 

The best point in time for initiating chemotherapy during tumor progression for 
patients with mCRPC is not known. A retrospective analysis suggested that OS was 
improved for patients without symptoms at the start of intervention compared to 
patients with moderate to severe bone pain. Also, for asymptomatic patients the OS 
was far better if the PSADT was ≥45 days compared to <45 days (188). In patients 
with mCRPC, the interval from the last given docetaxel treatment to progression has 
been shown to be predictive for further response to docetaxel treatment (189). 
Symptoms, anemia, and the site of metastasis have an impact on prognosis. In the 
TAX327 study, the docetaxel cohort (n = 656) was evaluated retrospectively for three 
risk groups based on degree of pain, visceral metastases, anemia, and bone scan 
progression. The 30% median decline in PSA and median OS was significantly 
different between groups, reaching 25.7, 18.7 and 12.8 months, respectively. Thus, 
selected factors prior to docetaxel treatment are crucial for prognosis (190).  
 
Further, metastatic site has been shown to affect prognosis. A meta-analysis 
compared the survival of three groups of patients with mCRPC based on the site of 
metastasis. Patients with liver metastasis had worse prognosis, while patients without 
visceral metastases and only bone and/or the lymph node involvement had the best 
prognosis (191). 
 
For mCRPC patients, it has been reported that higher serum levels of 
androstenedione prior to ketoconazole have better OS than patients with lower levels 
(192). Consistent with this, higher androstenedione prior to docetaxel for mCRPC 



Åsa Jellvert 

21 

was also aligned with better OS, while higher testosterone was associated with worse 
OS (193), and a greater decline in serum testosterone during docetaxel was 
associated with improved OS (194). Patients with mCRPC with suboptimal 
depressed testosterone levels had poorer response to docetaxel (195). 
 
Quantification of the number of CTCs showed prognostic information in patients 
with mCRPC receiving chemotherapy with taxanes (196, 197). In one of these 
studies high levels of lactate dehydrogenase and PSA, and low levels of albumin and 
hemoglobin were also prognostic for docetaxel treatment (197). 
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1.7 Liquid biomarkers 
The pathological gold standard to map the extent and grade of PC disease is to collect 
needle biopsies from the prostate gland and/or metastatic lesions. However, PC is a 
heterogeneous disease with different tumor characteristics that can remain undetected 
by this method. Furthermore, additional changes may occur in the tumor during 
disease progression requiring repeated biopsies to reveal changes that could be 
important for proper treatment management. Sampling of multiple tumor biopsies is 
often not possible mainly due to tumor location of mPC to bone (198). 
 
Liquid biopsy has been defined by the US National Cancer Institute as “a test done 
on a tumor that is circulating in the blood or for pieces of DNA from tumor cells that 
are in the blood”. In 1869, tumor cells were for the first time observed with light 
microscopy in a blood sample from a patient with heavily metastatic cancer (199), 
but it was not until 1992 that PSA-positive micro metastasis from PC was detected in 
the blood of a patient (200). Liquid biomarkers in body fluids are exemplified by 
CTCs, cell-free DNA (cfDNA), cell-free RNA, tumor-educated platelets (TEPs), and 
the contents of extracellular vesicles, including nucleic acids and proteins (198). Of 
note, all of these products are derived from both normal cells and cells of tumor 
origin. 
 
Liquid biopsies have the advantage of being easily accessible thus enabling repeated 
sampling at a low cost. Repeated sampling in a standardized way throughout the 
disease period gives the possibility to assess tumor heterogeneity and to recognize 
disease progression before clinical detection by radiological techniques and to 
monitor the effects of treatment (198). A consensus statement in 2018 on the 
usefulness of liquid biopsies in advanced PC highlighted that currently this approach 
is the most promising for the development of predictive biomarkers for metastatic 
disease (201). Another advantage is that liquid biopsies can constitute a valuable 
complement to tumor needle biopsies in guiding therapy decisions (202). For a few 
cancer types this is already useful. In lung cancer, initial treatment options for 
targeted therapies are based on ctDNA-derived information about epidermal growth 
factor receptor (EGFR) mutations previously shown to predict treatment response 
(203-205). Further, liquid biopsies can be an instrument for disease screening, early 
detection of cancer and for prognostication of the current disease (70, 201, 206). 
Liquid biomarkers can also be derived from other types of body fluids besides the 
blood, like cerebrospinal fluid, sputum, pleural effusions, urine, stool and saliva 
(202). 
 
Heitzer et al. highlighted that in addition to being accurate, reliable, reproducible, 
and clinically valid, it is important that the test has clinical utility. In other words, the 
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test should make a difference in outcome for the patients, which is also the goal of 
precision oncology (205). 
 
One example of the potential clinical use of liquid biomarkers in PC is enumeration 
of CTCs, and five or more CTCs per 7.5 mL blood have been shown to be associated 
with poor OS (196, 197). For this quantitative measurement, the Cell Search® system 
has been approved. For patients with PC, the number of CTCs is prognostic for 
chemotherapy in mCRPC, but no treatment predictive value has been established for 
CTCs in PC (205). Another possible use is the detection of the splice variants AR-V7 
in CTCs, which was shown to be predictive for treatment options in the mCRPC state 
(67, 68). 
 
Proteins as biomarkers are also promising, but identified protein markers for PC are 
not ready for clinical implementation (207). Cramarossa et al. reviewed the field of 
biomarkers – especially VEGF and TSP-1 – in patients with different diagnoses, 
including PC treated with MC. The majority of studies could not confirm an 
association between VEGF levels and patient outcome, even though some studies 
showed a relationship between persistent elevated VEGF after treatment in non-
responders. In 6 of 9 studies no association between TSP-1 and outcome were seen 
(208). 

 
Figure 3. Liquid biopsies. Redrawn and modified from(198, 209)  and created with BioRender.com 
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1.7.1 cfDNA 
That cell-free nucleic acids can be found in the blood is well known and was first 
described in 1948 (176, 198). cfDNA consists of DNA released from both non-
malignant and cancer cells, while the DNA fraction derived only from cancer cells is 
defined as ctDNA (198). Tumor cells release small fragments of DNA, both genomic 
and mitochondrial DNA, into the circulation via secretion, apoptosis, and/or necrosis 
(210). The cfDNA fragments have a length of 70–200 base pairs (bp). This DNA 
length correlates with DNA fragments wrapped around a single nucleosome (202). A 
different fragment length is seen in urine, for example (176). There are also longer 
fragments of >1000 bp mainly identified in healthy individuals, but this fragment 
length is less well covered by normally used extraction methods (211). One millilitre 
of plasma from a cancer patient, yields about 10 ng DNA and corresponds to 1,500 
diploid genome equivalents (205). 
 
Compared to healthy volunteers, cancer patients have much higher levels of blood 
cfDNA (210). Increased tumor burden and poor prognosis of the tumor are associated 
with increasing levels of cfDNA (212-214), while a decline in cfDNA levels is 
correlated with treatment responses and improved outcome (215, 216). For patients 
with mCRPC included in the FIRSTANA and PROSELICA trials receiving 
cabazitaxel, PSA response and OS were significantly associated with the decrease in 
cfDNA (217). Similar results were obtained in a smaller study after docetaxel 
treatment (218). Also, PARP inhibition showed a correlation between cfDNA and 
radiological PFS (216), and there are studies indicating that cfDNA corresponds to 
tumor burden (212, 214, 219). 
 
ctDNA reflects DNA from different tumor sites and has been shown to provide a 
view of the entire tumor burden (205). For PC there are several studies that show the 
potential utility of ctDNA sequencing. Importantly, sequencing of ctDNA was shown 
to reveal the AR copy number and somatic AR mutations in mCRPC patients who 
developed resistance to abiraterone (212) and enzalutamide (215). A follow-up study 
was performed on the TOPARP-A cohort, where patients with homologous 
recombination DNA repair defects were treated with the PARP inhibitor olaparib. By 
using repeated cfDNA sampling, important information was obtained regarding 
genomic events that reverted the reading frame of mutated homologous 
recombination genes. This was shown for tumors with germline mutations in BRCA2 
and for tumors with somatic loss of the same gene, leading to treatment resistance to 
olaparib (216). The reliability of cfDNA-derived information is supported by studies 
showing concordance between genetic tumor markers found in tissue biopsies and 
blood-derived cfDNA (220). 
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1.7.2 Platelets 
Platelets are small fragments of cytoplasm released from megakaryocytes, with a size 
of 2–3 µm, lacking a cell nucleus, and a half-life of about 8–10 days. They are the 
second-most abundant cell component in the blood (221). Platelets are a product of 
their precursors, the megakaryocytes, which are located in the bone marrow and at 
intravascular sites in the lungs. In blood, platelets have the ability to sequester 
material of different origin, and this uptake can be both passive and mediated by 
receptors. Absorbed material can be presented as MHC-1 complexes or can be stored 
in granules in the platelet, also indicating that platelets are important mediators in the 
immune system (222). The interactions between tumor cells and platelets resulting in 
sequestering of miRNA or proteins could contribute to a change in the platelets 
towards becoming TEPs (105, 223).  
 
Platelets have been shown to have defined roles in the complex processes of cancer 
progression and metastasis (224). It is also known that platelets can store microRNA 
and regulatory proteins, and this ability suggests the potential use of platelets in 
tumor diagnostics (222). Platelets assist the tumor cells through intravasation, 
survival in circulation, extravasation from capillaries, and the formation of a 
metastatic niche. Also, high platelet counts are associated with increased metastasis 
and are thought to contribute to its spread, while low counts are correlated with 
decreased metastasis (222). The secretion of growth factors from platelets is 
important in several processes. For example, transforming growth factor ß and 
platelet-derived growth factor (PDGF) promote invasion and epithelial-to-
mesenchymal transition (EMT) (225-227) together with matrix metalloproteinases, 
which support migration towards the blood circulation (228). Platelet–tumor cell 
interactions and crosstalk result in a tumor protective shield or coat. Platelets 
covering the tumor cells in the circulation protect them from the immune system, 
mainly the NK cells (229-231).  
 
The concept of TEPs as a liquid biopsy was suggested in 2015 by Best et al. By 
mRNA sequencing of isolated platelets, they showed an accuracy of 96% in detecting 
cancer from a cohort of patients with six different cancer types with or without 
metastasis and from healthy donors, including in total 283 individuals (232). The 
results were validated and confirmed in a larger cohort using RNA-sequencing 
library data, where the accuracy for detecting both early and late-stage lung cancer 
was determined (233). In addition, early small studies of the platelet proteome in 
cancer patients showed that the content of proteins from patients with lung or 
pancreas cancer and healthy controls differ substantially (234-236). Furthermore, the 
protein content was found to be altered in cancer patients after the initiation of 
treatment (236). 
 



Aspects of Chemotherapy in Prostate Cancer 

26 

Platelets are the greatest source of angiogenic factors promoting tumor angiogenesis 
in humans (228). Klement et al. suggested that this characteristic of platelets might 
be identified as the “platelet angiogenesis proteome” prior to micrometastatic 
recurrent disease growth until becoming symptomatic, and such changes could not be 
revealed by components in the plasma (105). It was also shown that platelets can take 
up tumor-derived vesicles, which contain tumor-associated RNA (223), suggesting 
that important information can be extracted from platelet-derived protein analysis. 
The platelet factors are stored in α-granulae (237) with selective release (105), and 
important platelet-stored factors include pro-angiogenetic VEGF, epidermal growth 
factor (EGF), and platelet-derived growth factor (PDGF) together with anti-
angiogenic factors such as endostatin, TSP-1, and platelet factor (PF4 = CXCL4) 
(221). 
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2 AIM 
The general aim of this thesis was to elucidate some aspects of the use of 
chemotherapy in PC. 
 
 
Specific Aims: 
To elucidate the mechanism of action and the effect of MC in mCRPC. 
 
To evaluate the potential of cfDNA and platelet-derived proteins as predictive and/or 
prognostic biomarkers for treatment with docetaxel or metronomic CPA in patients 
with mCRPC. 
 
To evaluate the effect of early docetaxel in addition to standard anti-androgen 
therapy with bicalutamide in patients with biochemical recurrence after curative 
treatment of PC and in patients with high-risk PC not suitable for curative treatment. 
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3 METHODOLOGICAL CONSIDERATIONS 

Paper I 
In vitro and in vivo experiments 
Cell lines and cell culture conditions 
Two human PC cell lines were used. PC3 was originally developed from a vertebral 
human metastatic PC and lacks AR and grows independently of androgens, and thus 
is considered to be castration-resistant (238). The castration-resistant cell line 
LNCaP-19, previously established in our own laboratory, was derived in vitro from 
LNCaP (239). This cell line was derived from a human lymph node metastasis and 
has preserved AR. LNCaP is also known to have mutations in AR that can interfere 
with the ligand binding site and cause altered specificity leading to a so-called 
promiscuous receptor. This means the possibility for other steroids or other 
molecules to bind to the AR (240-242). 
 
Animal studies 
Six to eight-week-old male athymic BALB/c nude mice lacking T-cells were used. 
The animals that were used to mimic the castration-resistant state of disease were 
surgically castrated during anesthesia. Surgical castration (orchidectomy) 
corresponds to ADT i humans i.e., circulating T ≤ 50 ng/dL. Tumor cells diluted in a 
mix of culture medium and basement membrane product MatrigelTM were implanted 
subcutaneously on the flank of the animal. MatrigelTM was added for the LNCaP-19 
cells for better tumor uptake but was not needed for the PC-3 cells. Chemotherapy 
was initiated when tumors reached a volume about 200 mm3. Tumor size was 
monitored weekly and measured by a caliper.  
 
Animals received chemotherapy by group and cage. The treatment schedules used 
were MTD of CPA every 3rd week via i.p. injections or MC of CPA via drinking 
water, while the control group received i.p. saline as in the MTD schedule. The 
chemotherapy doses were based on a previous pilot study. Animals with greater loss 
of weight were observed in the MTD-treated mice, while MC-treated animals had 
normal weight and normal behavior but reduced tumor effect. This pilot study led to 
reduced MTD and increased MC dosage. 
 
Concerning the total accumulated doses tolerated, previous studies confirmed the 
difficulty in comparing MTD and MC (243-245) because it is not possible to use 
equal doses for the two different modes of administration. One reason for this is 
probably the differences in pharmacokinetics. Consequently, the mice treated with 
MC received a larger accumulated amount compared to the MTD-treated mice when 
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using the same drug because the toxicity, in terms of weight loss, was the limiting 
factor for the MTD dosage. Thus, there are two different ways to administer 
chemotherapy. Other side effects besides weight loss were not possible to evaluate in 
the experiment. 
 
Immunohistochemistry and evaluation of immunostaining 
Immunohistochemistry was performed to quantify micro-vessel density using the 
CD34 antibody. For assessment of hypoxia, hypoxyprobe TM-1, an antibody against 
pimomidazole, was used. The microvessel density was evaluated in the viable tumor 
area by counting CD34-positive vessels in five fields for each tumor sample at 200× 
magnification, and this was performed independently and blinded by two 
investigators. The grade of hypoxia was calculated using the Biopix software system 
in blinded samples. 
 
 
 
 
 
 
 
Figure 4. Immunohistochemical staining 
of CD-34 positive vessels in a LNCaP-19 
xenograft 

RNA preparation and real time quantitative polymerase chain reaction (RT-qPCR) 
The tumor tissue was homogenized, and total RNA was extracted from the tumor 
cells, from which cDNA was prepared by reverse transcription. The specific probes 
used for RT-qPCR were human TSP-1, mouse TSP-1, human VEGF, mouse VEGF, 
mouse PECAM1 (CD31), mouse CHD5 (VE-cadherin), and mouse ENG (endoglin). 
Human and mouse GAPDH were used as endogenous controls. 
 
RNA and protein preparation 
Total protein was prepared from the tumor tissue during homogenization and then 
sonicated and centrifuged. Primary antibodies against CD47, CD36, and TSP2 were 
used, and protein analysis was performed by Western blot. 
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Paper II 
Study population and treatments 
Two different patient cohorts with mCRPC were investigated concerning the first line 
of chemotherapy with docetaxel or CPA, respectively. The patients had signed 
written informed consent for participating in the current biomarker study. The two 
drugs were given within the framework of clinical routines. At that time docetaxel 
was the first-hand choice, while CPA was offered to older patients and to patients 
with essential comorbidity. Most of the patients were recruited in a period of time 
when both abiraterone and enzalutamide were given only after chemotherapy. This 
was the reason why many patients had chemotherapy as first line therapy for 
mCRPC. 
 
Treatment response was measured according to current guidelines every 3rd month. 
The potential biomarkers were evaluated only against PSA response, divided into 
partial response, stable disease, and progressive disease. PSA levels were followed 
for all but four patients who had low or no PSA-production. For these four patients 
the date of radiological progression was used. Accurate radiological response was not 
possible to estimate because assessment according to RECIST (response evaluation 
criteria in solid tumors) was not introduced in the clinical routine.  
 
Blood samples from the participating patients were collected prior to treatment start 
(baseline), from which platelets and serum were obtained. 

cfDNA purification and cfDNA quantification 
To obtain cfDNA, double-stranded DNA was extracted from plasma using a 
circulating nucleic acid kit. This extraction was done from plasma volumes of 0.5–2 
ml. For quantification, a highly sensitive double-stranded DNA assay kit was used. 

Isolation of platelets, protein preparation, and profiling 
There is keen interest in the mechanism of action of MC and the proposal from 
Klement et al. that measuring platelet levels of angiogenesis-related proteins might 
be superior to the analysis of these markers in plasma or serum (105). In general, and 
especially in PC, very little is known about using proteins from platelets to 
characterize events in cancer diseases (222). Therefore, besides exploring predictive 
and prognostic markers for PC, we aimed to investigate the clinical usefulness of the 
method to evaluate tumor progression and chemotherapy response. 
 
Platelets were pelleted by centrifugation and washed and stored at –80°C. Platelets 
were dissolved and the protein concentration was measured. Protein samples adjusted 
to 1 mg protein per ml were analyzed with an immune-oncology panel, Olink® 
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Target 96 Immuno-Oncology Assay (246), that tests for 92 proteins. After removing 
the proteins with concentrations outside the detection limit, 57 proteins were left and 
included in the analysis. Because TSP-1 and platelet factor 4 (PF4 = CXCL4) are 
described as anti-angiogenic factors, these were not included in the current panel and 
the levels of these factors in platelets were analyzed separately with an ELISA 
method (221, 237, 247). 
 

Statistical considerations 
For all tested variables, univariate analyses were performed using the IBM® SPSS® 
program, ANOVA with Tukey’s post hoc test was used for predictive testing, and a 
Cox regression model with 95% confidence intervals and Kaplan–Meier estimates 
were used for prognostication of survival. The results from the individual proteins in 
the Olink® target panel were presented based on statistics without adjustment for 
multiple testing, such as Bonferroni correction. Thus, the results may be a result of 
random distributions and should therefore be seen as preliminary and only as a basis 
for further investigations regarding the use of platelets as biomarkers in PC. 
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Paper III 
Study population and treatments 
The Scandinavian Prostate Cancer Group study number 14 (SPCG-14) is an open-
label multicenter randomized study evaluating docetaxel in addition to bicalutamide 
for patients with biochemical recurrence after curative PC treatment or patients with 
progressive local disease not suitable for curative treatment. Randomization was 
done in a 1:1 manner. Inclusion and exclusion criteria are referred in the manuscript 
to paper 3. Two cohorts of patients were included: 
 

1. After curative treatment: 
- After prostatectomy: PSA above 10 ng/mL or PSADT below 12 months 

(and PSA above 0.5 ng/mL) 
- After radiotherapy: PSA≥2 ng/mL above nadir and PSA above 10 ng/mL or 

PSADT below 12 months 
2. With locally advanced PC (or local PC not suitable for curative treatment), 

and one of following factors: 
- PSADT below 12 months, PSA above 20 and ≤100 ng/mL or Gleason score 

8-10 
 
The study was stratified based on PSADT (<6 months vs. ≥6 months), previous 
treatment (curative vs. non-curative), and participant site. Due to very uneven 
recruitment for the various participant sites, this stratification variable was not used 
in the statistical analyses. Metastasis before enrollment was excluded by bone scan 
only, while other radiological methods were optional. 
 
All patients received 150 mg bicalutamide daily after irradiation of the mammary 
glands. The experimental group was prescribed 8–10 cycles of docetaxel, 75 mg/m2 
body surface area every 3rd week. Dose modifications and indications of treatment 
interruptions were strictly guided by the protocol. 
 
The primary endpoint was PFS defined as the time of randomization to PSA 
progression or metastasis or death of any cause. PSA progression was defined when 
the PSA value reached 2 ng/mL above the nadir if confirmed with a new PSA value 
within 4 weeks. Bone scan was prescribed once a year and at the time of PSA 
progression. Other radiological methods were optional. Pre-specified secondary 
endpoints were not evaluated in this first report. The study period was 5 years. 
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4 RESULTS AND COMMENTS 

Paper I 
MC was introduced in 2000 and by then was considered to exert mainly an anti-
angiogenic effect (98, 99). The aim of our study was to investigate the effect of MC 
on CRPC in an animal model using castrated mice. TSP-1, an anti-angiogenic 
protein, has been suggested to be a mediator of MC’s anti-angiogenic effect (101, 
103, 208). We analyzed the expression of TSP-1-mRNA in the tumor tissue of CRPC 
xenograft after treatment. An increased relative expression of TSP-1 was seen in the 
MC-treated group compared to the MTD-treated or control groups. Looking further 
at the receptors of TSP-1 in the tumor tissue, no differences were seen between 
treatment groups for the receptor expressions of CD36 and CD47, as analyzed by 
western blot. Therefore, the microvessel density in the viable tumor tissue was 
measured. We observed a non-significant trend for a lower microvessel density in the 
MC-treated tumors compared to the MTD-treated tumors. 
 
In a subsequent experiment with cell line LNCaP-19, the same MC treatment was 
given to castrated and non-castrated animals. In the LNCaP-19 model, the tumor-
inhibiting effect from MC was only seen in tumors of the castrated animals, while in 
a comparative experiment using the CRPC animal model cell line PC3 with non-
functional AR, the MC treatment was effective irrespective of castration. The reason 
for the absent MC effect in the LNCaP-19 model is not clear, but is assumed to be 
connected to its AR. However, in the LNCaP-19 tumors a significant decrease in 
CD34-positive vessels was demonstrated together with the upregulation of TSP-1 as 
a result of the MC treatment, although no inhibitory effect on tumor growth was 
achieved. 
 
One goal of this project was to determine if any important anti-angiogenic 
mechanism of action could be established for the MC treatment. However, none were 
found. A non-significant decrease in the number of CD34-positive cells was seen in 
the MC-treated tumors, which suggests a possible anti-angiogenic effect of the 
treatment. A technical limitation in the investigation of the tumors was that large 
areas of the tumor tissues were necrotic. This influenced the possibility to detect any 
differences between MC-treated tumors and untreated controls. The previously 
proposed anti-angiogenic effect of MC was not confirmed in our model. This might 
depend on other more important mechanisms, but also on the model we used. Also, 
to measure blood flow in vivo during the treatment as a complement to the 
histopathological assessment is technically difficult but could possibly give more 
reliable data. At least one other research group has indirectly shown decreased tumor 
blood flow in MC-treated tumors in an animal model (248). Upregulation of TSP-1, 
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an indirect sign of an anti-angiogenic effect, was measured in the MC-treated tumors 
and was proposed to mediate the anti-angiogenic effect through the elimination of 
endothelial cells in the tumors. 
 
The chemotherapy dosages were based on our previous pilot study. However, several 
animals suffered from weight loss already after three repeated cycles of the MTD 
dose and it was necessary to interrupt the treatment. Perhaps slightly lower MTD 
doses could have been better tolerated, but this could have entailed reduced effect 
against the tumor. Body weight was the only parameter we could use to assess 
toxicity of the MC treatment. However, other mouse studies showed that toxicity to 
the bone marrow, gut, and various organs as well as weight loss was correlated with 
the MTD (249). 
 
In summary, by using a CRPC animal model we were able to show that the MC 
treatment was equally effective at inhibiting tumor growth as the MTD treatment. 
Importantly, the MC schedule resulted in less weight loss than the MTD schedule. 
No obvious anti-angiogenic effects were observed. 

Paper II 
Two cohorts of mCRPC patients initiating chemotherapy were studied, including 27 
patients who received docetaxel every 2nd week and 29 patients receiving 
metronomic CPA. Potential prognostic and predictive biomarkers were correlated to 
the tumor response. The clinical and tumor parameters tested for this purpose are 
listed in the paper.  
 
There was no intent for a direct comparison of the docetaxel and the CPA cohorts 
because we expected differences in outcome due to the various baseline 
characteristics for the two patient cohorts. For example, 18 of 27 patients had 
docetaxel as first line treatment, while only 5 of 29 patients had CPA as first line 
treatment. Docetaxel treatment resulted in partial response for 17 patients, stable 
disease for 5 patients, and progressive disease for 5 patients. The corresponding 
numbers for response to CPA treatment were 5, 5, and 19 patients. In the docetaxel 
cohort, OS was significantly correlated to partial response and stable disease (Fig 1A, 
Paper 2). On the contrary, partial response and/or stable disease in the CPA-treated 
patients were not correlated to OS (Fig 1B, Paper 2). One possible explanation is that 
13 of the 29 patients (45%) received the CPA treatment as their last line of treatment, 
which included all 5 patients with partial response. At the disease state when no 
further treatments are available a benefit in OS is difficult to reach. Only 2 of 27 
patients (7%) had docetaxel as the last line treatment, and thus a better prognosis was 
to be expected for the docetaxel cohort compared to the CPA cohort. 
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The baseline PSA and hemoglobin values were found to be prognostic factors and 
cfDNA was borderline significant (p = 0.053) for OS in the docetaxel cohort. cfDNA 
was prognostic for OS after CPA treatment, and PSA was a borderline significant 
prognostic factor (p = 0.051). None of the tested clinical factors were found to be 
prognostic for PFS in the two cohorts.  
 
We also explored whether prognostic and/or predictive markers could be identified in 
proteins isolated from platelets. From the immune-oncology panel, a few proteins 
were shown to be significant in the two cohorts. The platelet-derived proteins CD4 
and PD-L1 together with hemoglobin were found to be predictive factors for 
docetaxel response, but none were predictive for CPA response. 

Paper III 
The SPCG-14 study randomized 348 patients from 2009 to 2018, including 173 
patients to treatment with antiandrogen (bicalutamide) plus docetaxel (AA+Doc) and 
175 patients to treatment with AA alone. All 348 patients were included in the 
intention-to-treat analysis, including 8 patients who did not fulfill the inclusion 
criteria or who met the exclusion criteria and 15 patients who withdrew their consent. 
The majority of the patients had previous curative treatment (91%), and the median 
age of participants was sixty-eight years. Ninety-eight percent had a PSADT of 12 
months or less, and 63% of these had a PSADT of 6 months or less (Table 1, Paper 
3). 
 
Fifty-two percent (n = 90) of the patients in the AA+Doc group received the 
prescribed 8–10 cycles. Four percent (n = 7) of the patients received no cycles 
because they did not fulfil the inclusion criteria or met the exclusion criteria or 
because they withdrew their consent. Seventy percent of patients in the AA+Doc 
group were in need of granulocyte stimulating factor (G-CSF) support, and 55% 
obtained dose reductions according to the protocol prescription (Table 2, Paper 3). 
 
The median time of follow-up was 4.6 years. Patients who received docetaxel in 
addition to bicalutamide had an advantage in terms of prolonged PFS, with a 
significant risk reduction for disease progression. The median time until 50% of the 
patients had progressed was 4.9 years for the AA+Doc group and 3.7 years for the 
AA group. As the first event, 164 of 172 patients showed PSA progression, 1 patient 
had liver metastases, and 7 patients died from other causes. None of the deaths were 
interpreted as treatment related (Figure 2, Table 3, Paper 3). 
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The testosterone values were measured for patients receiving docetaxel, and an 
increase in serum testosterone level was seen with increasing numbers of cycles. It is 
known that bicalutamide alone results in a similar increase over the same treatment 
period as we determined for the AA+Doc treatment (250). (Suppl Figure 1, Paper 3). 
 
When analyzing the 315 patients with previous curative treatment separately, the risk 
reduction for disease progression was similar to that for the whole study group. The 
median time until 50% of the patients had progressed was 6.1 years for the AA+Doc 
group and 4.3 years for the AA group. For the same cohort of curatively treated 
patients, a sensitivity analysis showed a better outcome in terms of hazard ratio in 
those patients who received 8–10 cycles of docetaxel compared to those with fewer 
cycles, with a risk reduction of 42% (Figure 2, Paper 3). 
 
All serious adverse events were compiled in the report. The treatment was generally 
well tolerated, albeit with rather high frequency of neutropenic fever/infection. 
Neutropenic fever/infection episodes occurred in 45 patients of the 166 patients who 
received at least one cycle of docetaxel. This was interpreted as a consequence of the 
fact that G-CSF was not prescribed from the start of the docetaxel treatment (Table 4, 
Paper 3). After the introduction of G-CSF, often at cycle two, very few patients had 
recurrent neutropenic events. Of those 76 patients who received 1–7 cycles, 51 
terminated treatment because of adverse events and 10 because of serious adverse 
events (Table 2 and 4, Paper 3). Because neutropenic events were very common, 
many of these events could probably have been avoided with G-CSF from the very 
first cycle. Of note, despite that only half of the experimental group obtained the 
prescribed number of cycles, docetaxel was proven to be effective. 
 
In summary, the SPCG-14 study suggested an improvement in PFS of docetaxel in 
addition to bicalutamide compared to bicalutamide alone for the whole cohort of 
patients with PSA-only relapse after previous curative treatment and in patients with 
high-risk PC not suitable for curative treatment. The findings also suggest an 
advantage of adding docetaxel to bicalutamide for the group of patients with PSA-
only relapse. 
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5 GENERAL DISCUSSION 
Chemotherapy has in the past two decades clearly improved the treatment options for 
patients with metastatic PC disease. This means obvious prolonged life, far fewer 
symptoms from the disease, and much better quality of life. In case of metastasis to 
visceral organs, especially liver metastasis, chemotherapy is considered to be the 
main option. Nowadays, patients with mPC and mCRPC can be offered several lines 
of chemotherapy, which is especially important for patients not responding to 
second-line hormone therapy. Patients with mCRPC are a large and heterogenous 
group regarding tumor histology, disease spread, current symptoms, and the degree 
of comorbidity from other diseases. Some of the patients with mCRPC are not 
suitable for more intense chemotherapy, mostly due to comorbidities and worse 
performance status. 

Which PC patients benefit from chemotherapy 
When summarizing the literature, it is concluded that clinically validated biomarkers 
to guide treatment decisions regarding docetaxel and other available systemic 
treatments are generally lacking. Very little is known about which PC patients will 
see a benefit from chemotherapy. 
 
Hormone naïve patients with a Gleason score of 9–10 had reduced response to ADT 
(170) and patients with mCRCP and a Gleason score over ≥7 or higher in the 
diagnostic biopsies showed better OS benefit from docetaxel (171). Therefore, it 
seems reasonable to assume that these high Gleason-grade tumors have a higher 
proliferation rate implying higher effectiveness of docetaxel and improved survival at 
this stage of the disease. However, benefit of docetaxel for earlier stage of the disease 
in patients with high Gleason score was not confirmed in previous studies (pqr, pst), 
but a sub-group analysis from the SPCG-14 study (paper 3) indicates that docetaxel 
might be more favorable for higher Gleason score. 
 
In case of proven TP53, RB1 and/or PTEN loss, tumor cell positivity for AR-V7 or 
AR copy number gain in plasma, docetaxel might be a better first-line choice in the 
absence of other contraindications because ARSI treatments for these patients have 
shown reduced tumor responses (66, 67, 176, 186, 187, 251). As an example of an 
individualized treatment approach in oncology, a new treatment has been developed 
for PTEN loss and upregulated Akt pathway. Ipatasertib, an Akt inhibitor, has shown 
promising efficacy in a phase 2 study together with abiraterone compared to 
abiraterone alone in patients with mCRPC (177). A phase 3 study is now running 
(NTC03072238) to confirm an improvement in outcome with the use of ipatasertib. 
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Toxicity of chemotherapy 
In the TAX327 study of docetaxel for patients with mCRPC, 20% of the patients 
were ≥75 years old. Sub-group analysis indicated less treatment tolerability and 
efficacy for these older patients (252). Chemotherapy as standard of care for elderly 
patients has been reviewed, and in subgroup analysis responses to treatment showed 
similar effects when comparing different cut-off ages between 65 and 75 years (253). 
The dosage of docetaxel at 75 mg/m2 every 3rd week in patients ≥75 years old with 
mCRPC showed increased risk of high-grade and/or fatal toxicities compared to 
younger patients (254). Weekly docetaxel in the TAX327 study of docetaxel did not 
show a convincing benefit compared to treatment every 3rd week (42). However, 
weekly docetaxel in 109 men with mCRPC and a median age of 70 years showed 
benefits of symptom relief and OS. Two patients developed grade ≥3 neutropenia, 
but no patients developed neutropenic fever (46). Although the weekly regimen is 
used for elderly patients, non-hematologic side effects can still cause treatment 
discontinuation (253). Also, the performance status of elderly patients has an impact 
on both tolerance of treatment and outcome (253, 255). 
 
Of the enrolled patients in the studies of early docetaxel for mCSPC, the median age 
was between 63 and 65 years, and patients had good performance status (ECOG 0–1 
or Karnofsky 90–100%), and patients with severe cardiac disease were excluded 
(137-139). Therefore, the included patients in these studies were poorly 
representative of the overall group of patients with PC, who were about 10 years 
older according to the National Prostate Cancer Register (NPCR) in Sweden and 
often have substantially greater co-morbidity. The performed studies did not answer 
the question of whether older men with co-morbidity should be offered docetaxel.  

Is there a benefit of chemotherapy in early stage of PC? 
Another question is how early in the disease chemotherapy can have an advantage in 
treating PC. In the neoadjuvant/adjuvant setting, previous studies have not shown any 
survival advantage in terms of biochemical recurrence, relapse-free survival, PFS, or 
OS. In the neoadjuvant/adjuvant situation the indication for treatment is to improve 
local control of radical treatments and to kill unknown tumor cells that might exist 
outside the primary tumor. A PSA recurrence indicates a tumor with 
neovascularization and improved availability to chemotherapy, which is therefore 
expected to be more effective in this setting than in the adjuvant setting as after 
prostatectomy, where existing tumor cells are reached by diffusion of the drug 
implying a much lower concentration into the target cells (160, 165). 
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Docetaxel dosage 
In the last 10 years, several studies prescribed only 6 cycles of docetaxel, but the 
rationale for this choice was not obvious. However, for patients with de novo mCSPC 
the addition of 6 cycles of docetaxel has led to significant improvement in terms of 
OS (138, 139). For patients with mCRPC disease, we know that more than 6 cycles 
increases the efficacy (42). In a post-hoc analysis from a randomized trial, an 
improved OS was observed when the amount of docetaxel cycles increased from 8 to 
10 cycles (256). Our study (paper 3) suggested an advantage for patients with PSA-
only relapse receiving the prescribed 8–10 cycles of docetaxel. This cohort had a risk 
reduction of 42% in PFS compared to patients treated with bicalutamide alone, and 
fewer cycles of docetaxel showed no obvious benefit. However, the SPCG-14 trial 
was not designed to answer the dose-response issue. If prospective randomized 
studies can confirm a dose-response relationship, an improved OS might be 
experienced in patients who tolerate at least 8 cycles (256).  

Local treatment to the primary tumor 
Only 9% of the SPCG-14 study cohort consisted of patients without any previous 
curative treatment. Kaplan–Meier estimates and time to 50% progression in the two 
treatment groups suggest that this cohort had worse prognosis than patients with 
biochemical recurrence after curative treatment. This differed from what was 
expected when the SPCG-14 protocol was written, which assumed equal prognosis 
for these two cohorts. However, the main result of the SPCG-14 study was consistent 
no matter if these patients were included or excluded in the analysis (Figure 2A-B, 
Paper 3). Since the start of the SPCG-14 in 2009, the frequency of curative treatment, 
most often radiotherapy, for localized high-risk and locally advanced PC has 
tremendously increased, as supported by data confirming prolonged OS if the 
primary tumor is treated (257-259). In summary, the increased number of patients 
having local treatment in clinical routine with curative intent explains the few 
numbers of patients without previous curative treatment included in the SPCG-14 
study. This highlights the fact that today more patients receive a better life-
prolonging treatment than 10 years ago.  

Sequence of treatments 
Since its introduction in 2004, docetaxel is still the first line chemotherapy treatment 
option for patients with mCRPC and today belongs to the standard of care. For first 
line chemotherapy in mCRPC, cabazitaxel and different drug combination including 
docetaxel or cabazitaxel have failed to demonstrate a superior effect over single 
treatment with docetaxel (260). Regarding how to best sequence the available 
therapies for patients with mCSPC or mCRPC, there are very few randomized data 
that can guide in this decision (261). 
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For patients with mCRPC, there are no existing data answering the question about 
the best sequence after the first line of treatment. Commonly, docetaxel and ARSIs 
are both used, and a change to an alternative drug is indicated at progression if there 
are no medical contraindications (262). There are some data supporting change from 
abiraterone to enzalutamide in terms of PFS, but not for OS (263). The responses to 
both drugs are modest and they are not recommended in guidelines (262). The 
CARD study showed that cabazitaxel as the third line of treatment provided longer 
OS than an additional line of an ARSI (abiraterone or enzalutamide) (79).  
 
For patients in earlier stage of mCSPC there is also a lack of head-to-head studies 
comparing available treatment options. However, from the multi-arm, multi-stage 
STAMPEDE platform, a comparison between early docetaxel with early abiraterone 
was performed. No difference was seen in terms of OS, cancer-specific survival, or in 
the frequencies of skeletal-related events (264). No difference in OS between 
docetaxel and abiraterone as first line mCSPC therapy was confirmed in several 
meta-analyses, while some of these analyses showed a benefit in PFS and quality of 
life in favor of the hormonal therapy (265-268). Similar results were shown for 
apalutamide and enzalutamide (268). The matter of comorbidities can help to guide 
in the decision-making process (152). 

Figure 5. Today available systemic treatment options in PC. Created with BioRender.com 
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Treatment combinations 
Currently no treatment combinations with chemotherapy in PC have shown 
convincing results leading to any changes in treatment decisions. However, 
numerous trials with docetaxel in different drug combinations are on-going and have 
been completed (260). Although preclinical indications suggested the importance of 
angiogenesis in PC, docetaxel in combination with antiangiogenic agents has failed 
in phase 3 trials (269, 270). Interestingly, docetaxel with MC CPA has been 
evaluated in two single-arm phase 2 studies (n = 41 and n = 33) for patients with 
mCRPC, and one study showed 87% PSA PFS at 6 months while in the other no 
significant improvement in PSA decline was observed (271, 272). 

Liquid biomarkers 
In our study (paper 2) PSA as a prognostic factor for OS showed borderline 
significance for the docetaxel cohort. The lack of obvious PSA correspondence in the 
two cohorts could be an effect of the limited cohort sizes, but could also be due to the 
fact that less-differentiated PC tumors do not produce PSA (273). An example is 
neuroendocrine PC for which other biomarkers are more relevant, such as 
chromogranin, synaptophysin, neuron specific enolase and CD56 (274). Furthermore, 
cfDNA was a significant negative prognostic factor for OS in patients treated with 
MC in the late stage of disease; this highlights that tumor burden has a high impact 
on both treatment response and survival. 
 
For the future utility of TEPs as biomarkers in PC, more knowledge about the 
educational process of tumor platelets is needed to enable the evaluation of TEPs in 
terms of diagnostics, disease monitoring, and response to treatments (205, 232). 
Before liquid biopsies are implemented for clinical use, all potential clinical 
biomarkers have to be tested and validated in clinical trials (201, 205). 
 
Quantification of cfDNA as biomarker has already shown the potential to assess 
tumor burden for diagnostics and treatment response. The utility of cfDNA to detect 
important DNA mutations as potential predictive markers in several pathways have 
been demonstrated. However, there is a need of a validated method to distinguishe 
ctDNA from cfDNA, for improvement of the accuracy of ctDNA as a biomarker 
(205, 209). Identification of tumor-related findings in the blood or in other liquid 
fluids requires further knowledge about healthy individuals and about the impact of 
age and non-malignant comorbidity. Establishing sensitive tools for the detection of 
subclinical tumor manifestation is an urgent task for clinical studies (205).  
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How to use outcomes and how to define response and progression 
Even though patients after PC diagnosis can live with the cancer disease for a very 
long time compared to other cancer forms, the only endpoint that is accepted in 
clinical trials for approval of a new treatment, with a few exceptions, is OS (275). It 
would be of great advantage for the group of PC patients if reliable surrogate markers 
for OS could be identified, thus making the process of approving new treatments 
shorter. To be an acceptable surrogate endpoint, certain criteria must be fulfilled 
(276). In CRPC patients, a PSA decline of 30% or more from first line chemotherapy 
is accepted as a surrogate endpoint for OS (277), but the same PSA decline after 
second line chemotherapy did not fulfill this criterion (276). The 30% PSA decline 
has shown a high degree of surrogacy for survival and has been confirmed in both the 
SWOG 99-16 and the TAX327 studies. Pain relief and PSA decline were suggested 
to be predictive for OS, but this was not confirmed in phase 3 studies (278, 279). 
Gomella and Sartor reviewed the limitations of surrogate endpoints in advanced PC 
and concluded that no consensus regarding surrogate endpoints has yet been reached 
and that the correlation between ≥30% PSA decline and OS needs to be confirmed in 
prospective studies (275). A systematic review examined the correlation between 
other used endpoints and OS in clinical PC trials, including a wide range of disease 
stages, from CSPC to CRPC, locally advanced or metastatic PC, and studies of 
curative treatments. The conclusion was that PFS showed the highest correlation to 
OS, and the endpoint “time to PSA progression” was also correlated with OS (280). 

Metronomic chemotherapy 
MC has shown to be a less toxic regimen of chemotherapy than MTD, but its efficacy 
for patients with mCRPC has not been investigated sufficiently for implementation in 
routine clinical practice. Why some patients have very good and prolonged responses 
is interesting but poorly understood (281). A disadvantage is that the studies reported 
so far are often small phase 2 trials, not randomized, and are without a control arm. 
Larger studies have been performed in the field of colorectal cancer and breast 
cancer, but the results are not sufficiently convincing (119, 120). The fifth 
Metronomic and Anti-Angiogenic Therapy Meeting in 2016 concluded that there is a 
lack of understanding of the exact mechanism of action, optimal doses of MC, and 
consensus regarding clear definitions related to metronomic administration of 
chemotherapy (120). Studies of the mechanisms of action and/or resistance 
mechanisms of chemotherapy are difficult to perform in humans because these 
processes are complicated and depend on many factors, and animal models have 
proven to be acceptable alternatives (107, 282). A limitation of animal studies is that 
usually one mechanism is studied at a time and the complexity of response 
mechanisms is not fully reflected (282). Xenograft studies are mainly performed in 
immune-deficient mice, which will have impact on what information that is possible 
to translate to patients. Because MC today is considered to be a multi-targeted 
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therapy, many mechanisms for resistance could be involved. Together with the 
proposed anti-angiogenic effect, a direct effect on tumor cells, immunomodulation, 
an effect on tumor initiating cells, and modulation of clonal evolution have been 
described for MC (109, 110, 119).  
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6 CONCLUSIONS 
In an experimental model, CPA administered metronomically was as effective as the 
MTD in inhibiting tumor growth, but with less weight loss in the animals. Inhibition 
of the androgen signaling axis improved the efficacy of metronomic CPA (Paper I). 
 
The mechanism of action of MC is likely composed of several mechanisms, and an 
anti-angiogenic effect is plausible but was not demonstrated by decreased 
microvessel density (Paper I). 
 
In heavily chemotherapy pretreated mCRPC patients, metronomic CPA could in five 
cases generate partial responses equal to the response benefit achieved with docetaxel 
every other week. No treatment predictive markers were demonstrated for CPA 
treatment in this cohort. Circulating cfDNA correlated to metastatic volume, as 
previously shown, and was a robust negative prognostic biomarker for treatment with 
MC CPA in our cohort (Paper II). 
 
For patients with mCRPC who received docetaxel as standard of care and mostly in 
the first line, the hemoglobin value was predictive for treatment response (partial 
response), but not for non-responding tumors (progressive disease) (Paper II). 
 
Platelet-derived proteins, which are easily collected from plasma, can contain 
important information on the presence of malignant disease. The technique could be 
useful for the determination of prognostic and/or predictive biomarkers in mPC 
patients but needs further evaluation (Paper II). 
 
In cohorts of PC patients with biochemical recurrence after curative treatment (91%) 
and patients with high-risk PC not suitable for curative treatment (9%), docetaxel 
together with bicalutamide showed significant improvement of PFS compared to 
bicalutamide alone (Paper III). 
 
In PC patients with hormone-sensitive disease, side effects from giving docetaxel 
every third week were well tolerated and manageable, although the frequency of 
hematologic side effects, in terms of neutropenic infections or fever, was high (Paper 
III). 
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7 FUTURE PERSPECTIVES 
MC is insufficiently studied, and large, randomized studies are needed, preferably 
including patients with a median age of about vw, to obtain reliable results for this 
age group. Regarding the effectiveness of MC, it is important to evaluate the 
preclinical findings in patients also during treatment and validated methods for liquid 
biopsies for this purpose are needed. Some patients have a good response to MC, and 
it is crucial to find biomarkers that are predictive for the efficacy of this treatment 
regimen. 
 
For optimizing the selection of patients with PC for chemotherapy with taxanes, it is 
of great importance to increase the sensitivity of the drug and to potentiate the drug 
delivery, for minimizing the unwanted side effects (59). Examples are per-oral 
docetaxel (NCT04028388) (283) and liposomal application of cabazitaxel (284). 
 
Chemotherapy is generally about killing as many cancer cells as possible, and the 
interval between cycles is necessary to allow normal cells to recover. In the long run, 
it seems possible and reasonable that optimizing chemotherapy doses and interval 
lengths as well as chemotherapy combinations will help decelerate tumor 
repopulation and overcome any resistance mechanisms. For the group of elderly 
patients with metastatic disease, it would be desirable to re-examine the weekly 
docetaxel and/or weekly cabazitaxel (285) regimens in large, randomized cohorts. 
 
Regarding cancer diseases and PC, liquid biopsies have potential clinical utility in the 
areas of diagnosis, prognosis, detection of residual disease, determination of risk of 
relapse or tumor progression, treatment selection, and monitoring of disease burden 
(211). However, there is a still an unmet need for studies that answer questions about 
optimal sequence, time to switch between systemic treatments, if docetaxel should be 
used in the CRPC state when previously used in the CSPC state, and how to use 
combination therapies (281). Thus, implementing the collection of liquid biopsies as 
part of future clinical trials will be important (201, 205). Furthermore, none of the 
reported gene aberrations found in liquid biopsies have yet been validated in 
prospective trials. Future biomarker studies need to be prospective and evaluating 
biomarkers for prediction of treatment response. Today, only one such study is on-
going (286). 
 
Platelet-derived proteins could be a possible source of biomarkers to follow the PC 
disease, at least in late-stage disease. A reasonable next step will be to evaluate 
specific proteins over time related to disease regression/progression. cfDNA has 
previously shown concordance with metastatic burden (184, 214, 219, 287), and our 
study confirmed those results. cfDNA was previously shown to correlate with 
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treatment response during chemotherapy in patients with mCRPC (217), and a 
reasonable next step is to sequence the cfDNA for identification of specific genetic 
changes that are correlated with treatment response to for example MC. 
 
Finally, for patients with defined biochemical recurrence after curative treatment, 
better OS is shown after immediate ADT compared to delayed ADT (21), but there is 
a lack of studies comparing anti-androgens (bicalutamide) with ADT for the same 
clinical situation. There is also a lack of studies exploring the best sequence of 
hormonal treatment and chemotherapy in this early stage of disease. 
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