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Abstract 

 

Prostate cancer is the second most frequent cancer in men. Patients with a localized disease are 

treated with local therapies such as prostatectomy or radiation therapy whereas patients with a 

metastatic disease are treated with androgen deprivation therapies (ADT). However, patients 

ultimately develop resistance to ADT, thereby leading to a castrate resistant prostate cancer (CRPC). 

The treatment options for such disease are limited and not curative, with a median survival from 

diagnosis of 14 months. Among these treatments, the Sipuleucel-T based vaccine, FDA approved in 

2010, has been shown to prolong the overall survival by 4 months.  However, while this approach 

demonstrated the efficacy of targeting the Prostatic Acid Phosphatase (PAP) antigen, 

overexpressed in prostate cancer, to stimulate the patient’s immune system to treat CRPC, it 

remains extremely expensive and limited in its efficacy.  

The aim of the study was to develop a new, less expensive and more effective PAP-based vaccine 

for the treatment of advanced prostate cancer. A 15mer PAP-derived vaccine, when injected as a 

DNA vaccine, was previously shown to induce PAP-specific T-cell responses and to reduce tumour 

growth in a syngeneic heterotopic murine prostate cancer model. A new form of the vaccine was 

subsequently developed by elongating (to 42mer) and introducing a single mutation to the PAP-

derived peptide. 

Two pre-clinical murine models (C57Bl/6 mice and HHDII/DR1 transgenic) were used to assess the 

efficacy of the vaccine. The mutated PAP42mer sequence was the most immunogenic sequence in 

both models when administered as a peptide-based vaccine, as demonstrated by the higher 

number of IFNγ-releasing splenocytes following in vitro stimulation with PAP-derived class-I and 

class-II epitopes and by the higher functional avidity obtained. The vaccine immunogenicty was 

further enhanced by using stronger adjuvants and delivery systems. CAF09 adjuvant and 

ImmunoBody® DNA vaccine were superior to CpG adjuvant in inducing PAP-specific immune 

responses. This was demonstrated by the expression of activation and inhibitory markers, by the 

induction of a memory response and by the functional phenotype (cytokines release, proliferation, 

and degranulation) of CD8+ T cells following in vitro stimulation with shorter-vaccine-derived 

peptides. Splenocytes from vaccinated mice were capable of lysing target cells in a PAP-dependant 

manner in vitro. Vaccination slowed down the growth of human-PAP+ expressing tumours 

implanted in the HHDII/DR1 model but no anti-tumour effect was observed against TRAMP-C1 

tumours in the C57Bl/6 model. Finally, circulating PAP42mer derived-specific CD8+ T cells were 

detected in the blood of patients with prostate cancer. 

In summary, this study demonstrated that a unique vaccine strategy could induce a robust anti-PAP 

immunity but with little effect on the growth of implanted PAP-expressing cancer cell-derived 

tumours in vivo. The presence of PAP-specific CD8+ T cells in the periphery of patients with advanced 

prostate cancer suggests that these patients could benefit from this new approach.  
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Chapter 1: Introduction 

1.1. Prostate cancer  

1.1.1.Epidemiology and risk factors 

Prostate cancer (PCa) is the second most frequent cancer in men worldwide and the fifth cause of 

death due to cancer in men (Ferlay, et al. 2015). Worldwide, deaths due to PCa represents 6.6% of 

total deaths from cancer in male. In the UK, deaths from PCa represent 7% of deaths from all 

cancers in male (Cancer research UK website: https://www.cancerresearchuk.org/health-

professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer#heading-One). 

Over the last decade, PCa age-standardised mortality rates decreased by 12%. PCa mortality rates 

are expected to decrease by 16% by 2035. 

The survival rate is estimated at 84% in the UK (Cancer research UK website: 

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-

type/prostate-cancer#heading-One). Following diagnosis, the 1-year survival rate is estimated at 

96.6%, the 5 years survival rate at 86.6% and the 10 years survival rate at 77.6%. The age range at 

which the survival rate is the highest is between 60 to 69 years old with 94% and drops to 66% for 

80-99 years old. In the last 40 years, there has been an improvement of the overall survival (OS) 

rate from 25 to 84%. The survival rate depends on the stage of the disease at diagnosis, going from 

100% for stage I to 30% for stage IV. In Europe, the mean age-standardised 5-year survival rate is 

at 83.4%. It is the highest between 55-64 years of age and the lowest from 85 years of age (De 

Angelis, et al. 2014). In African Americans, the 5-year survival is nearly 100% for early diagnosis 

(localised disease) but drops to 32.6% for late diagnosis (distant metastases) (Taitt 2018). 

 

In 2012, almost 70% of all prostate cancers were diagnosed in developed regions. Indeed, the 

incidence rate is the highest in Australia/New Zealand, followed by Northern America, Western 

Europe, Northern Europe, the Caribbean, Southern Africa, Southern America and then Asia where 

the incidence rate is relatively low. The variation for prostate cancer incidence worldwide is partially 

due to more frequent diagnosis using Prostate Specific Antigen (PSA) testing in developed regions, 

with 23-42% of new PCa cases in Europe and the United States which could be due to over diagnosis 

(Quinn and Babb 2002). There is less variation in mortality rates than in incidence rates, with a 

higher number of deaths due to PCa in less developed regions. The mortality rate is high in 

populations of African descent, intermediate in the Americas and Oceania and low in Asia (Ferlay, 

et al. 2015). According to Taitt it seems clear that men of African descent outside the African 

continent are at higher risk of developing PCa, although it is less evident for Black men living in 

Africa, suggesting that environmental factors could be implicated (Taitt 2018). The same was 

observed for Asian men. The access to diagnostic, health-care services and recommendations for 

PCa testing are factors than vary depending on countries, which increases the fluctuations in 

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer#heading-One
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer#heading-One
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer#heading-One
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer#heading-One
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incidence and mortality rates worldwide. Overall, the incidence and mortality rates are decreasing 

in developed regions but incidence seem to be increasing worldwide. 

The difference in incidence rate across racial and ethnic groups is also due to genetic factors. 

Multiple PCa genetic risk loci identified in a genome-wide association study in men of European and 

Asian descent allowed to identify variants that are more common in men of African than European 

descent (Haiman, et al. 2011). 

Hassanipour-Azgomi et al. conducted a study assessing the incidence and mortality of PCa and their 

relationship with the Human Development Index (life expectancy at birth, mean years of schooling 

and income level per person of the population) worldwide (Hassanipour-Azgomi, et al. 2018). They 

concluded that there was a positive correlation between the Standardized Incidence Rate of PCa 

and the Human Development Index and a negative correlation between the standardized mortality 

rate and the Human Development Index. Despite the high incidence rate, the mortality rate is 

decreasing for PCa patients with increasing levels of Human Development Index, due to the 

improvement of diagnosis and efficacy of treatment. 

 

Family history of PCa has been shown to impact the risk of PCa. There is a two to three-fold 

increased risk of PCa for men whose brother or father have had PCa and a nine fold increase in the 

case of both having had PCa (Hemminki and Czene 2002). Another study associated the risk of dying 

from PCa with family history of PCa. In that case, the risk of death from PCa is two times higher for 

a man whose brother or father died of PCa (Brandt, et al. 2012). More than 105 prostate cancer risk 

loci explain about one-third of the heritability (Hoffmann, et al. 2015). However, the majority of 

identified germline risk loci are not strongly associated with lethal or nonlethal prostate cancer 

(Shui, et al. 2014), suggesting that inherited factors may be involved early in prostate carcinogenesis 

(Pernar, et al. 2018). 

 

PCa incidence is highly related to age with the highest incidence rates occurring in older men, with 

a peak in the 75-79 age group (Cancer research UK website: 

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-

type/prostate-cancer#heading-One). The implementation of PSA screening in the U.S. led to a shift 

in the average age at PCa diagnosis, which is now 66 years of age (Howlader, et al. 2016). By the 

age of 79, the probability to develop PCa is 1 in 14 for men worldwide, 1 in 47 for men in low to 

middle sociodemographic index countries and 1 in 6 for men in high sociodemographic index 

countries (Fitzmaurice, et al. 2017). Although PCa occurs mainly in older men, 10% of men 

diagnosed with PCa in the U.S. in 2012 were 55 years old or less. This early onset PCa may have 

distinct etiology and clinical phenotype (Salinas, et al. 2014).  

 

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer#heading-One
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/prostate-cancer#heading-One
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Pernar et al. have summarized in a comprehensive review the risk factors for advanced and fatal 

PCa specifically (Pernar, et al. 2018). 

 Obesity, weight gain and waist circumference. Obesity was shown to be associated with a 

higher risk of PCa recurrence and mortality. Weight gain was also linked to higher risk of 

recurrence after a prostatectomy. Waist circumference was suggested to be positively 

associated with the risk of advanced PCa. 

 Taller height probably increases the risk of PCa, in particular the risk advanced PCa. 

 Smoking was positively associated with increased risk of death from PCa and of advanced 

PCa. 

 Calcium and dairy products have both been positively associated with PCa and in some 

studies with advanced or lethal PCa. 

On the contrary, some factors have been identified as protective against PCa. 

 Fish consumption has been linked with decreased PCa mortality and recurrence. 

 Coffee intake has shown no association with PCa but some studies showed an inverse 

association with risk of advanced PCa. 

 Lycopene and tomatoes. Lycopene is a strong anti-oxidant and is present in tomatoes. 

Higher consumption of tomato-based products and higher concentrations of lycopene in 

the serum/plasma were linked to a lower risk of PCa and possibly a lower risk of PCa 

progression. 

 Cholesterol and statins. Cholesterol was shown to increase the risk of PCa. Inversely, the 

use of statins was negatively associated with lethal PCa. Moreover, the use of statins during 

Androgen Deprivation Therapy (ADT) showed a slower progression of the disease (Van 

Rompay, et al. 2019) 

 Physical activity was linked to a lower risk of developing advanced and aggressive PCa. For 

men diagnosed with PCa, physical activity was shown to improve the survival and to 

decrease the progression of the disease. 

 

1.1.2.Pathophysiology 

The prostate is an exocrine gland composed of three zones: peripheral (70% of total volume), 

central (25%) and transition (5%) zones. The majority of PCa cases develop from the peripheral zone 

(75%), 20% develop from the transitional zone, while 5% arise from the central zone (McNeal 1988). 

Most PCa cases are adenocarcinomas as they are derived from the prostate epithelium (Nelson, et 

al. 2003). Although the exact aetiology of prostate cancer is unknown, literature supports the 

hypothesis that both genetic and environmental factors are responsible (Kolonel, et al. 2004). 

Human studies indicate that inflammation might have a role in the development of PCa (De Marzo, 
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et al. 2007), and in particular in the progression from localized to metastatic disease (Ammirante, 

et al. 2010; Luo, et al. 2007). 

Several molecular mechanisms, involved in infection or inflammation, lead to a proliferative 

inflammatory atrophy, then leading to prostatic intraepithelial neoplasia, to localised PCa, to 

metastatic PCa and finally to Androgen-independent PCa (Nelson, et al. 2003). 

PCa is usually a slow developing cancer, offering a large therapeutic window. The 5-year survival 

rate for patients diagnosed with a localized or regional disease is nearly 100%, however, it 

decreases to 28% for patients with a metastatic disease at diagnosis (Siegel, et al. 2015). 

 

1.1.3.Screening and diagnostic 

Early stages PCa are usually asymptomatic, while locally advanced and metastatic PCa are 

symptomatic. Specific tests are therefore needed for diagnosis, as early diseases are potentially 

curable. 

Prostate cancer is usually diagnosed by a PSA blood test and a digital rectal exam (DRE), followed 

by a transrectal ultrasonography (TRUS). More than 60% of PCas are diagnosed in asymptomatic 

patients with normal DRE and elevated PSA (Descotes 2019). 

 Since the 1990s, PSA testing has become the most common screening tool used to diagnose PCa 

(Borley and Feneley 2009). PSA is a serine protease that was first purified in 1979 (Wang, et al. 

1979). It is produced by the prostatic epithelium and the periurethral glands. Its expression is 

prostate-specific but not cancer specific as it is present in normal prostate tissue. As a result, its 

expression increases with age, concurrently with the volume of the prostate. The introduction of 

PSA screening is responsible for the increased incidence of PCa due to over diagnosis (Telesca, et 

al. 2008). 

PSA has a low sensitivity, with 15% of men who have a PSA value between 0 and 4 ng/ml, having 

PCa and 15% of those are high Gleason score (Thompson, et al. 2004; Lucia, et al. 2008). 

Although PSA testing reduced the mortality due to PCa (Shroder, et al. 2014), the resulting over 

diagnosis leads to unnecessary biopsies (Loeb, et al. 2014). 

The use of PSA screening led to diagnosis at an earlier stage of the disease because of the lead time 

(time from screen detection to clinical diagnosis) of PCa, estimated from 3 to 10 years (Etzioni, et 

al. 2008). 

Due to the controversial PSA threshold to recommend a biopsy, new PSA-derived methods have 

been developed (Descotes., 2019): 1) implementation of age-adjusted PSA thresholds, 2) 

calculation of the ratio free-PSA to total-PSA, 3) calculation of the PSA density (total-PSA divided by 

the total prostate volume) and 4) the PSA velocity/PSA doubling time, which considers the increase 

of total-PSA over time. 
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Along with the PSA test, the DRE is one of the primary tests for the diagnosis of PCa. This test allows 

to detect non-PSA secreting tumours (Borley and Feneley 2009). However, it fails to detect many 

cancers and detects them at more advanced stages, in comparison to the PSA test (Smith and 

Catalona 1995). The European randomized study of screening for prostate cancer (ERSPC), 

Rotterdam, reported that the positive predictive value of an abnormal DRE, alongside an elevated 

PSA value, for detecting the presence of PCa was 48.6% in the first round of screening, decreasing 

to 29.9% and 21.2% in the second and third rounds, respectively (Gosselaar, et al. 2008). 

Nonetheless, there was a significant increase of risk of PCa with a Gleason score superior than 7 in 

men with a suspicious DRE in each screening rounds. 

Once there is suspicion of PCa, a TRUS-guided biopsy is performed. TRUS procures imaging of the 

prostate and seminal vesicles. 

This technique was demonstrated to be superior to digitally directed biopsies (Hodge, et al. 1989). 

However, TRUS-guided biopsies give 15 to 46% of false negatives and under-grade the Gleason 

score up to 38% in comparison to the result at radical prostatectomy (Kvale, et al. 2009). TRUS 

biopsy can lead to error such as sampling errors, missing a high-grade cancer or over diagnosing a 

low-grade cancer (Descotes, et al. 2019). To avoid these mistakes, improved TRUS biopsy 

techniques have been developed using Magnetic Resonance Imaging (MRI) in order to localise PCa 

within the prostate gland more accurately. Moreover, transperineal template prostate biopsy 

(TPTPB) was shown to increase the PCa detection rate in comparison to TRUS biopsies in biopsy 

naive patients with PSA <20ng/mL (Nafie, et al. 2014). 

 

1.1.4.Classification of prostate cancer: grades and stages 

The Gleason score, described by Gleason and Mellinger in 1974, is the most commonly used grading 

system (Gleason and Mellinger 1974). It is based on the histology of carcinoma cells in Haematoxylin 

and eosin stained sections conferring a score from 1 to 5 (least to most aggressive). Two grades are 

assigned for each patient, the first one describing the largest tumour area and the second one 

describing the second largest tumour area. Both grades are added up to obtain a histologic score 

ranging from 2 to 10 (Figure 1.1) (Humphrey 2004). 
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Figure 1.1: Gleason’s pattern scale (adapted from Humphrey 2004) (Reprinted by permission from 

[Springer Nature Customer Service Centre GmbH]: [Springer Nature] [MODERN PATHOLOGY] [GLEASON 

GRADING AND PROGNOSTIC FACTORS IN CARCINOMA OF THE PROSTATE, HUMPHREY), [COPYRIGHT] (2004)) 

 

The Gleason grading system evolved following two meetings organised by the international Society 

of Urologic Pathology in 2005 and 2014, resulting into a new Grade Group system which was 

adopted by the 2016 World Health Organization classification of tumours of the prostate (Chen and 

Zhou 2016). 

According to the new Grade Group system, Gleason Scores range from 6-10. A score of 6 describes 

a cancer that will progress slowly, while a score of 7 suggests an intermediate risk for aggressive 

cancer. However, a score of 7 can be divided into two grade groups: a 3+4 suggests a better 

prognostic than a 4+3. A score ≥ 8 suggests a high risk for aggressive cancer that will metastasize 

rapidly. 

The Gleason grade is related to clinical end points such as the clinical stage, the PSA value, the 

progression to metastatic disease, the response to different therapies and the survival (Humphrey 

2004). 

 

The Tumour-Node-Metastasis (TNM) system is used to determine the pathological stage of the 

disease. The American Joint Committee on Cancer published in 2017 the eighth edition Cancer 

staging manual (Buyyounouski, et al. 2017). Staging of PCa is necessary to categorise the severity 

of the disease, estimate the prognosis and recommend treatment. The vast majority of prostate 

cancer, approximately 95%, are clinically localized to the prostate without definite evidence of 

metastasis. The T category, referring to the size and extent of the primary tumour, is based on 

physical examination, imaging, endoscopy, biopsy and biochemical tests. The N category, indicating 
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if the tumour has spread to the lymph nodes, is evaluated via clinical examination and imaging. 

Finally, the M category, indicative of the extent of the metastases, is based on physical examination, 

imaging, skeletal studies and biochemical tests (Sobin and Witterkind 2002). 

 

The D’amico classification, introduced in 1999, divides patients with localized disease into three 

categories: low, intermediate or high risk (D’amico, et al. 1999). It combines the PSA value, the 

Gleason score, and the TNM stage (table 1.1: Risk stratification for clinically localized cancer). 

 

Table 1.1: Risk stratification for clinically localized cancer (adapted from 
https://www.cancernetwork.com/cancer-management/prostate-cancer/page/0/1) 

 PSA value (ng/mL)  Highest biopsy Gleason score  Clinical stage 

Low risk <10 and ≤6 and T1c or T2a 
Intermediate risk ≥10 but <20 or 7 or T2b 
High risk ≥20 or ≥8 or T2c/T3 

 
 

1.1.5.Current treatments 

Treatments options for PCa patients depend on the stage of the disease. 

The treatments available for patients diagnosed with localised disease include active surveillance, 

external beam radiotherapy and radical prostatectomy (surgery). Active surveillance, which 

consists in monitoring the evolution of the disease using PSA testing, DRE and a confirmatory biopsy, 

is recommended for low risk patients (Gleason 6, grade I), to provide better quality of life 

(Witherspoon, et al. 2019). The possibility of managing some intermediate risk patients (Gleason 7 

(3+4), grade II) through active surveillance is considered but controversial (Loeb, et al. 2019). 

According to a 2010 study by Schymura et al., 39.7% of patients with localized PCa undergo radical 

prostatectomy, 31.4% receive radiation therapy, 10.3% receive hormone therapy and 18.6% are 

managed with active surveillance (Schymura, et al. 2010). The two major side effects following 

radiotherapy and prostatectomy are urinary incontinence and erectile dysfunction (Potosky, et al. 

2004). Ultimately, one third of these patients develop recurrence or metastasis and require 

Androgen Deprivation Therapy (ADT) (McNeel, et al. 2016). ADT is obtained by surgical castration 

or chemical castration in order to suppress androgen production (Velcheti, et al. 2008). However, 

ADT has a limited period of efficacy as patients eventually become resistant and develop Castrate 

Resistant prostate cancer (CRPC) which requires secondary hormonal interventions, chemotherapy 

or other treatments (De Maeseneer, et al. 2015). 

Mechanisms of hormone resistance are classified into three categories: DNA-based alterations in 

the androgen receptor (AR) gene, AR-growth factors cross-talk and activation of alternative 

pathways of survival and proliferation (Velcheti, et al. 2008). 

https://www.cancernetwork.com/cancer-management/prostate-cancer/page/0/1
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A recent study characterised the involvement of IL-23-secreting Myeloid-Derived Suppressor Cells 

(MDSCs) in the development of CRPC, thereby establishing a role of immunosuppression in the 

pathophysiology of CRPC (Calcinotto, et al. 2018). 

Treatments for mCRPC include androgen signalling inhibitors (Enzalutamide and Abiraterone), 

chemotherapy (Carbazitaxel and Docetaxel), the radiopharmaceutical agent radium-223 and 

Sipuleucel-T vaccine (Figure 1.2) (Kirby, et al. 2011). 

 
Figure 1.2: Typical progression of metastatic castration-resistant prostate cancer (Reprinted from 
The Lancet Oncology, Volume 16, Issue 6, Lorente, et al., Sequencing of agents in castration-resistant prostate 
cancer, pages e279-e292, Copyright (2015), with permission from Elsevier.) 

 

The survival benefit of Docetaxel was confirmed in two 2004 trials: the TAX-327 and the SWOG-99-

16, which reported an improved median OS of 2.9 months and 1.9 months respectively (Berthold, 

et al. 2008; Petrylak, et al. 2004). Docetaxel in combination with prednisone was established as the 

standard of care. Prednisone is a corticosteroid providing both palliative benefits and anti-tumour 

responses in PCa (Teply, et al. 2016). 

Carbazitaxel, another chemotherapy, was approved in 2010 for post-docetaxel patients. The 

TROPIC trial showed an improved median OS of 2.4 months (Bahl, et al. 2013). 

 

Enzalutamide and abiraterone acetate are used in chemotherapy-naive and docetaxel-treated 

mCRPC patients (Lorente, et al. 2015). Enzalutamide, FDA-approved in 2012, is a second-generation 

androgen that blocks the AR at three levels: 1) binding to androgens to inhibit their binding to ARs, 

2) inhibition of nuclear translocation of ARs and 3) inhibition of binding of ARs to chromosomal DNA 

(Saad 2013). It showed an improved median OS of 4.8 months over placebo in the phase 3 AFFIRM 

trial (Scher, et al. 2012). Abiraterone acetate, approved in 2011, suppresses the synthesis of 



15 
 

androgen through inhibition of the cytochrome p450 17A1 (Richards, et al. 2012). An improved 

median OS of 4.6 months was observed in the COU-AA-301 trial between abiraterone acetate and 

prednisone or prednisone alone (Fizazi, et al. 2012). 

 

The radiopharmaceutical agent radium-223 is recommended for CRPC patients with bone 

metastasis but no visceral metastasis (Lorente, et al. 2015). It emits high energy α-particles to break 

double-strand DNA in increased bone turn-over areas. The ALSYMPCA trial reported an improved 

median OS of 5.1 months (Parker, et al. 2013). 

 

Sipuleucel-T therapeutic vaccine, approved in 2010, is recommended in early stage CRPC. It is based 

on the in vitro stimulation of patient’s Peripheral Blood Mononuclear Cells (PBMCs) with a fusion 

protein composed of Prostatic Acid Phosphatase (PAP) and Granulocyte/Monocyte Colony 

Stimulating Factor (GM-CSF), followed by the re-infusion of these cells into the patients. Its efficacy 

was demonstrated in the phase 3 IMPACT trial which reported an improved median OS of 4.1 

months (Kantoff, et al. 2010). However, although patients had a Gleason score ≤7, the vaccine had 

no effect on the time to disease progression. 

 

Overall, between 10% and 20% of prostate cancer patients progress to CRPC within 5 years 

following diagnosis, a state for which the treatments options are limited and not curative, with a 

median survival from diagnosis of 14 months (Kirby, et al. 2011). Indeed, patients ultimately 

developed resistance to AR-targeted therapies and to taxane-based chemotherapy (Galletti, et al. 

2017). 

New therapies are therefore needed for the treatment of mCRPC patients. 

As demonstrated with Sipuleucel-T vaccine, immunotherapies are promising for the treatment of 

PCa. There is currently an abundance of ongoing clinical trials assessing immunotherapies for the 

treatment of PCa, as stand-alone, in combination with other immunotherapies or in combination 

with conventional therapies (McNeel, et al. 2016). 

 

1.2. The immune system 

Understanding of the immune system and its cellular components is necessary to comprehend the 

principle of cancer immunotherapy. 

 

1.2.1.Overview of the immune system 

The immune system is divided in two responses: the innate and the adaptive response (Parkin and 

Cohen 2001). 
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The innate response is the first line of defence against pathogens and foreign molecules, it is rapidly 

put into place and not antigen-specific. The cells providing this first line of defence are granulocytes 

(neutrophils, eosinophils and basophils), monocytes, macrophages, natural killer (NK) cells, NKT 

cells and γδ T-cells. 

 

NK cells are lymphocytes capable of recognizing and lyse abnormal cells such as virus-infected cells 

or tumour cells via three mechanisms (Abel, et al. 2018). The first one involves the binding of their 

own immunoglobulin receptor (FcR) to antibodies on the surface of target cells, called Antibody-

Dependant Cellular Cytotoxicity (ADCC) (Wang, et al. 2015). The other mechanism depends on the 

recognition of MHC class-I molecule on the surface of target cells (Abel, et al. 2018). The absence 

of MHC class-I molecules on target cells leads to the secretion of perforins which creates pores in 

the membrane of the target cells, through which granzymes are injected to induce the apoptosis of 

the cell. The third one relies on the expression of ligands for death receptor: Fas-L and Tumour 

Necrosis Factor (TNF)-Related Apoptosis Inducing Ligand (TRAIL), inducing the apoptosis of the 

target cell. 

 

The adaptive response is much more complex, slower to develop and is antigen-specific (Chaplin 

2010). T and B lymphocytes recognise antigens via their T-Cell Receptor (TCR) and B-Cell Receptor, 

respectively. T and B cells derive from progenitor cells in the bone marrow. While B-cells remain in 

the bone marrow until becoming mature, T-cells migrate to the thymus as thymocytes.  

 

1.2.2.T-cells development 

TCRs are the product of a process of random rearrangement and splicing of multiple DNA segments 

coding for the areas of the receptor responsible for the antigen binding, which happens before 

exposure to the antigen (Kumar, et al. 2018). This process leads to a naive repertoire of over 108 

TCRs (Arstila, et al. 1999). The TCR molecule is a heterodimer composed either of an α and a β chain, 

each containing a constant and a variable domain or composed of γ and δ chains (~5% of T-cells) 

(Koch and Radtke 2011). The TCR forms a complex with the CD3 molecule and binds to 8 to 10mer 

peptides which are derived from previously broken-down proteins by intracellular processing. 

Following TCR rearrangement, thymocytes migrate to the thymus for maturation and selection 

processes (Koch and Radtke 2011). Positive selection consists of selection of TCRs recognizing self-

MHC molecule with peptide with sufficient affinity. However, TCRs that bind too strongly to self-

MHC molecule with peptide will undergo apoptosis (negative selection). At that stage, T-cells 

express both CD4 and CD8 co-receptors and will lose one of them before exiting the thymus and 

circulating in the periphery. 
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Naive T-cells enter lymph nodes to encounter Antigen Presenting Cells (APCs) which will present 

antigens at the surface of Major Histocompatibility Complex (MHC) class-I and class-II molecules 

(Gaudino and Kumar 2019). Different cell types can hold the function of APCs. Dendritic cells (DCs) 

are “professional” APCs and are essential for activating naive T-cells, but macrophages and B-cells 

can also present antigens at their surface. 

 

1.2.3.MHC and antigen presentation 

There are two types of MHC molecules: class-I and class-II, each composed of 2 chains and four 

domains (Figure 1.3) (Janeway, et al. 2001). MHC class-I molecules are expressed by almost all 

nucleated cells of an organism and present at their surface endogenous antigens (normal, viral or 

tumour proteins) to CD8+ T-cells. They are composed of 3 α domains and one β2-microglobulin 

domain. 

MHC class-II molecules are only expressed by APCs and present at their surface exogenous antigens, 

taken up by endocytosis, to CD4+ T-cells. There are composed of 2 α domains and 2 β domains. 

 

 
Figure 1.3 Structure of MHC class-I and MHC class-II molecules (adapted from 
https://www.onlinebiologynotes.com/major-histocompatibility-complex-mhc-structure-types-and-
functions/) 

 

In both cases, the antigen processing differs (Blum, et al. 2013). 

Briefly, the pathway of endogenous antigen begins with self- (mutated, overexpressed or misfolded 

in the case of a tumour cell) or viral proteins produced and released into the cytoplasm where they 

are digested by the proteasome (a group of enzymes specialised in digesting ubiquitinated proteins). 

The peptides produced are then chaperoned to the endoplasmic reticulum where they enter with 

the help of the Transporter associated with Antigen Processing (TAP) systems. Peptide/MHC 

complexes then detach from the TAP transporter to be delivered to the cell surface in order to be 

available for CD8 TCR recognition. 
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In the case of exogenous antigens, protein antigens enter the cell by endocytosis and are digested 

into peptides fragments in acidic endosomes. Acidic endosomes then fuse with MHC class-II 

molecules containing endosomes which will bind to the antigen peptide. Finally, the complex 

migrates to the cell surface for CD4 TCR recognition. 

 

1.2.4.T-cell priming and activation 

T-cells are primed by APCs in secondary lymphoid organs such as lymph nodes or spleens. The 

activation of T-cells is based on three signals (Condotta and Richer 2017). The first signal is initiated 

by the binding of the appropriate peptide-MHC complex to the TCR of the T-cell. This binding 

induces the phosphorylation of the CD3 complex and the transmission of signals through 

downstream pathways (Huse 2009). The second signal depends on the binding of ligands such as 

CD80 (B7-1) and CD86 (B7-2), expressed on the surface of DCs, to the activating co-receptor CD28 

(Chen, et al. 2013). DCs express high levels of CD80 and CD86, rendering them highly capable of 

activating naive T-cells (Lim, et al. 2012). The third signal rely upon the secretion of cytokines by 

DCs to guide the T-cell response (De Jong, et al. 2005).  These 3 signals lead to the division and 

clonal expansion of the primed T-cell. Effector cells then migrate to the disease site through the 

attraction of organ-specific adhesion molecules (Sallusto, et al. 1999), where they can recognise 

target cells. A portion of these effector cells will become memory cells, characterised by a long 

lifespan and a fast reaction upon subsequent exposure to their antigen (Omilusik and Goldrath 

2017). 

Since the discovery of the CD28 to CD80/CD86 interaction, many other co-receptors/ligands were 

discovered (Figure 1.4) (Chen, et al. 2013). Depending on their impact on T-cells, they are divided 

into co-stimulatory and co-inhibitory receptors. The first one leading to immunity and the second 

to tolerance by inducing T-cell anergy or exhaustion of the T-cell. 
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Figure 1.4: Co-signalling interactions in T cells (Reprinted by permission from [Springer Nature Customer 
Service Centre GmbH]: [Springer Nature] [NATURE REVIEWS IMMUNOLOGY] [MOLECULAR MECHANISMS OF 
T CELL CO-STIMULATION AND CO-INHIBITION, CHEN AND FLIES), [COPYRIGHT] (2013)) 
 
 

1.2.5.Role of CD4+ and CD8+ T-cells 

As mentioned earlier, T-cells are divided into CD4+, helper, and CD8+, cytotoxic, T-cells, each 

exhibiting distinctive roles. 

 

1.2.5.1.CD4+ T-cells 

CD4+ T-cells are involved in infectious diseases, autoimmune diseases, asthma, allergic responses 

and tumour immunity. They are defined by their role of helping other immune cells such as B cells, 

CD8+ T-cells or macrophages. They are highly plastic cells that can differentiate into several subsets. 

Each subset is defined by the cytokines and transcription factors inducing them and the cytokine 

pattern they secrete following TCR activation. Caza et al. describes 8 subsets: Th1, Th2, Th9, Th17, 

Th22, Th25, follicular T-cells and regulatory T- cells (Tregs) (Caza, et al. 2015). Among other roles, 

Th1 cells have a role in the clearance of tumours cells. On the other hand, Tregs have an inhibitory 

role on other T-cells, such as cytotoxic CD8+ T-cells. 

 

1.2.5.2.CD8+ T-cells 

CD8+ T-cells are characterised by their direct cytotoxicity against cells presenting their specific 

antigen onto MHC class-I molecules. They induce cytotoxicity by two mechanisms (Martinez-Lostao, 
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et al. 2015). One is through perforation of the target cell membrane with perforin and injection of 

cytotoxic granzyme molecules into its cytoplasm leading to apoptosis. The other mechanism 

induces apoptosis via the expression of death ligands: FAS-ligand and TRAIL.  The expression of FAS-

L and TRAIL at the surface of CD8+ T-cells leads to their binding to FAS and TRAIL receptors on the 

surface of the target cell. Both mechanisms involve caspases to induce apoptosis. CD8+ T-cells are 

classified into different subsets according to their capacity to proliferate and their differentiation 

state (Golubovskaya, et al. 2017). Subsequent to priming by DCs, naive T-cells become T stem cell 

memory cells, then T central memory cells, T effector memory cells and finally, T effector cells. The 

loss of the memory function is inversely proportional to the gain of effector function. Effector CD8+ 

T-cell, also called Cytotoxic T Lymphocyte (CTL), are characterised by the expression of IFN-γ, TNF-

α, perforin and granzyme (Zhang, et al. 2011). 

 

1.3. Cancer immunology 

The concept of using the immune system of a patient against their own tumour is recent as it relied 

on the acceptance by the scientific community that the immune system is able to distinguish 

transformed from normal cells and to eradicate tumours. The concept of immunosurveillance 

evolved slowly since the beginning of the past century. Indeed, Paul Ehrlich formulated the 

hypothesis that the immune system could prevent transformed cells from developing into tumors 

more than a century ago (Ehrlich 1909). The hypothesis of immunological surveillance was 

proposed by Burnet (Burnet 1970) on the basis of previous theories formulated both by Burnet and 

Thomas from the year 1957. Over the years, several arguable experiments contradicted this 

hypothesis leading to its dismissal. Stutman demonstrated that athymic nude mice, lacking T-cells, 

developed as many spontaneous or methylcholantrene-induced tumors than control mice, 

suggesting no active role of thymus-dependent immunity against tumour growth (Stuman 1974). 

The regained interest for the immunological surveillance hypothesis followed findings 

demonstrating the implication of both IFNγ and perforin molecules and of lymphocytes in 

controlling tumour growth (Street, et al. 2001; Russel and Ley 2002). 

These findings led to the concept of immune-editing. 

 

1.3.1.Concept of cancer immuno-editing 

In 2002, Dunn described the concept of immuno-editing (Dunn, et al. 2002). This concept is based 

on three consecutive processes: elimination, equilibrium and escape. 

The elimination process incorporates the concept of immunological surveillance. Briefly, the 

tumour causes an inflammation leading to the recruitment firstly of innate immune cells such as 

NK, NKT, γδ T-cells, macrophages and DCs. NK, NKT and γδ T-cells secrete IFNγ and induce apoptosis 

in tumour cells. DCs ingest tumours debris and migrate to the lymph nodes to present tumour 
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antigens to CD4+ and CD8+ specific T-cells which then migrate to the tumour site where CD8+ T-cells 

can lyse tumour cells in an antigen-specific manner. 

The equilibrium process relies on the hypothesis that non-immunogenic tumour cells have been 

selected during the elimination process, rendering them “invisible” to the immune system. This 

process can last for years as it relies on the balance between the capacity of immune cells to kill 

tumours cells and the capacity of tumours cells to resist to the immune system’s cytotoxic 

mechanisms. 

Finally, the escape process consists in the uncontrollable proliferation of resistant tumour cells 

variants leading to tumour growth and development of metastasis. 

This concept holds the idea that the immune system has two contradictory roles in cancer: it 

destroys tumour cells, but by doing so, it selects for immune-resistant tumour cells. 

 

1.3.2.Immune tolerance and cancer 

Immune tolerance aims at avoiding auto-immunity and is classified into two categories: central and 

peripheral tolerance. Central tolerance consists in the destruction of self-reactive T-cells during the 

negative selection in the thymus (Kyewski, et al. 2006). Self-reactive cells that escaped the central 

tolerance process are eliminated in the periphery by peripheral tolerance, which is regulated via 

two different types of mechanisms (Nurieva, et al. 2013). The first mechanism is intrinsic to the T-

cell: induction of anergy and apoptosis. The second mechanism is controlled by immunosuppressive 

immune cells such as Tregs and tolerogenic DCs. 

Both categories of tolerance have different implications in cancer. Central tolerance renders the 

detection of Tumour Associated Antigen (TAA) difficult as most T-cell clones carrying TCRs specific 

for a TAA would have been depleted.  Therapies such as vaccination aim at stimulating TAA-specific 

T-cell clones that might have escaped central tolerance. On the other hand, peripheral tolerance 

mechanisms are regulated by molecules and cells at the tumour site that therapies aim to neutralize 

with treatments such as Immune Checkpoint Blockade (ICB). These mechanisms will be described 

in details in the next section. 

 

1.3.3.Tumour microenvironment 

Several factors influence the induction of immunity or tolerance in a tumour: tumour 

genetics/epigenetics, host genetics, the microbiome and the tumour microenvironment (TME). 

The gut microbiome affects oncogenesis (Yoshimoto, et al. 2013) (Dapito, et al. 2012), tumor 

progression, as well as the response to anti-cancer therapy (Zitvogel, et al. 2015). For instance, 

some species of intestinal bacteria were shown to modulates the anticancer immune effects of 

cyclophosphamide chemotherapy by generating specific T helper 17 cells and memory Th1 immune 

responses (Viaud, et al. 2013). Moreover, abnormal gut microbiome composition can lead to 
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resistance to ICB, such as anti PD-1/PD-L1 antibodies, which lead to the possibility of improving ICB 

efficacy through Fecal microbiota transplantation (Routy, et al. 2018).  

As discussed previously, although the immune system develops an anti-tumour immunity, several 

immuno-suppressive mechanisms are put in place within the micro-environment. 

Chen et al. describes three types of immune profiles within tumours from patients (Chen, et al. 

2017). The first type is called immune-inflamed as it is characterized by the presence of T-cells, 

myeloid cells and monocytic cells in the tumour parenchyma. The second profile, named immune-

excluded, is characterized by the presence of immune cells contained in the stroma, unable to enter 

the tumour. Finally, the profile characterised by the rarity of T-cells is called immune-desert. This 

phenotype suggests the absence of tumour-specific T-cells. The last two phenotypes are considered 

as non-inflamed tumours. 

The TME is defined by the type of cytokines and cells (immune and non-immune) present in a 

tumour. The remaining of this section will focus on describing these elements, to understand the 

mechanisms put in place to counteract the establishment of an anti-tumour immune response or 

the efficacy of a pre-existing one. 

 

1.3.3.1.Direct immunosuppressive mechanisms of tumour cells 

Tumour cells employ various mechanisms to escape the immune system and induce immune 

tolerance. To avoid T-cells recognition, antigen presentation is downregulated by antigen loss, 

downregulation of MHC class-I molecules and of antigen-processing machineries such as TAP 

molecules (Marincola, et al. 2000). Mutations in death receptor signalling pathways (FAS and TRAIL) 

(Takahashi, et al. 2006 and Shin, et al. 2001, respectively) and over-expression of anti-apoptotic 

molecules render tumour cells less sensitive to lymphocytes killing (Hinz, et al. 2000). 

Tumour cells induce T-cell anergy by expression of ligands to inhibitory receptors expressed by 

lymphocytes (Figure 1.5), such as Programmed death ligand 1 (PD-L1) which binds to Programmed 

death 1 (PD-1) (Dong, et al. 2002; Yamamoto, et al. 2008), galectin-9 which binds to Tim-3 (Zhou, 

et al. 2018), galectin-1 (Liu, et al. 2005), HLA-G (Agaugue, et al. 2011) or HLA-E (Derré, et al. 2006). 

Galectin-1 inhibits the activation, the proliferation and the secretion of pro-inflammatory cytokines 

by T-cells, and induces the apoptosis of activated T-cells (Liu, et al. 2005). 

HLA-G induces MDSCs, inhibits T-cells and promotes the pro-tumorigenic Th2 profile (Agauge, et al. 

2011). It also inhibits NK cells through the Human inhibitory receptors Ig-Like Transcript 2 (ILT2) 

receptor (Favier, et al. 2010). 

HLA-E is induced by IFNγ and inhibits NK cells and CTL via binding to NKG2A inhibitory receptor 

(Derré, et al. 2006).  

Other mechanisms employed by tumour cells consists in the secretion of immunosuppressive 

factors that recruit or promote the differentiation and expansion of immunosuppressive cells. 
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1.3.3.2.Immunosuppressive soluble factors 

A number of immunosuppressive chemokines and cytokines are produced by tumour cells within 

the tumour environment. The mechanism of action of some of the critical ones are described below. 

 

Tumour Growth Factor-β (TGF-β) inhibits T-cell priming and infiltration (Mariathasan, et al. 2018), 

and suppresses effector cell cytotoxicity by inhibiting the expression of perforin, granzyme A, 

granzyme B, Fas ligand, and IFNγ (Thomas and Massague 2005). 

Vascular Endothelial Growth Factor (VEGF) promotes the angiogenesis. It also inhibits the effector 

function and the proliferation of T-cells via enhancing the expression of PD-1, CTLA-4, LAG-3 and 

Tim-3 on T-cells, as well as PD-L1 on DCs (Khan, et al. 2018). It can inhibit DCs maturation and 

therefore antigen presentation to T-cells (Gabrilovich, et al. 1996). 

Interleukin-10 (IL-10) is a cytokine inducing T-cell anergy via CTLA-4 inhibitory receptor (Steinbrink, 

et al. 2002). It inhibits the cytokine secretion by activated macrophages (Fiorentino, et al. 1991) and 

inducible Nitric Oxide Synthase (iNOS) production by macrophages (Dokka, et al. 2001). 

Indoleamine 2,3-dioxygenase (IDO) production by stromal cells is induced by the secretion of IFNγ 

by CD8+ T-cells in the TME (Labadie, et al. 2019). IDO is also produced by MDSCs. This enzyme 

catalyses the conversion of tryptophan to kynurenine leading to a depletion in tryptophan 

(essential amino acid) responsible for inducing cell cycle arrest and anergy in T-cells. Moreover, the 

accumulation of kynurenine was shown to induce Tregs (Mellor, et al. 2004). 

 

1.3.3.3.Immunosuppressive cells 

Tregs are part of the T-cell compartment and are divided into natural Tregs and inducible Tregs 

(Sakaguchi, et al. 2008). Naive CD4+ T-cells can differentiate into inducible Tregs in the presence of 

TGF-β (Josefowicz, et al. 2012). Tregs not only suppress the functions of T-cells but also of NK cells, 

NKT cells, macrophages and DCs (Sakaguchi, et al. 2008). Mechanisms to induce 

immunosuppression include the secretion of immunosuppressive factors such as TGFβ and IL-10, 

IL-2 deprivation and cell-contact dependant suppression. 

MDSCs derive either from monocytes or granulocytes. MDSCs immunosuppressive mechanisms are 

directed both on the immune system and on other non-immune elements (Ugel, et al. 2015).  

MDSCs secrete TGF-β and IL-10 which promotes the formation of Tregs and blocks the activation of 

NK cells. MDSCs also inhibit T-cell migration to the tumour site and induce T-cells anergy by 

expressing markers such as PD-L1. They produce Reactive Oxygen Species (ROS) and reactive 

nitrogen species (RNS) thereby inhibiting the activation and proliferation of T-cells. Finally, they 

deplete the environment in metabolites essential to lymphocytes survival: L-arginine (due to 

expression of arginase) and L-tryptophan (due to expression of IDO). 
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Other mechanisms that promote tumour growth include the induction of angiogenesis and 

vasculogenesis, the promotion of metastasis and of tumour cells stemness. 

Tumour Associated Macrophages (TAMs) are similar to immunosuppressive M2 polarised 

macrophages and differentiate from circulating monocytes. Once in the tumour they are found in 

areas of hypoxia and necrosis (Li, et al. 2007). Similarly to MDSCs, TAMs use immunosuppressive 

mechanisms directly on the immune system as well as induce angiogenesis, vasculogenesis, 

metastasis and tumour cells stemness (Ugel, et al. 2015). TAMs induce apoptosis in T-cells via the 

expression of TRAIL-R and of FAS and the secretion of TGF-β. They induce T-cell anergy via 

expression of PD-L1 and PD-L2, B7-1/2 (binding to CTLA-4) and production of RNS. They promote 

Tregs via secretion of IL-10 and TGF-β and recruit them to the TME. Finally, they also deplete 

lymphocytes of essential metabolites. 

Cancer-associated Fibroblasts (CAFs) are part of the tumour stroma therefore promoting the 

proliferation of tumour cells and the creation of a metastatic niche through production of growth 

factors, chemotactic factors and angiogenesis factors (Li, et al. 2007). Moreover, CAFs recruit 

monocytes to the tumour site and induce their differentiation into PD-1 expressing TAMs (Gok 

Yavuz, et al. 2019). 

 

1.3.4.T-cells in cancer 

DCs can capture tumour cells debris and cross-present TAAs to T-cells, leading to the expansion of 

TAA-specific CD8+ and CD4+ T-cells (Nouri-Shirazi, et al. 2000). The presence of CD8+ and CD4+ T-

cells in the tumour correlates with a good prognosis (Naito, et al. 1998; Galon, et al. 2006; Meng, 

et al. 2018). 

 

1.3.4.1.CD8+ T-cells 

Activated CD8+ T-cells differentiate into effector cells under cytokines such as IL-2, IL-12, IL-21 and 

IL-27 (Zhang, et al. 2011). As described section 1.2.5.2, anti-tumour CTL effector functions relies on 

both the secretion of pro-inflammatory cytokines (IFNγ and TNFα) and on the killing of tumour cells. 

 

1.3.4.1.1.Cytotoxicity 

CTLs use diverse mechanisms to lyse target cells (Martinez-Lostao, et al. 2015). 

The perforin/Granzyme B pathway was described as the most efficient mechanism to kill tumour 

cells. Granzyme B enters target cells through perforin pores and induces cell death by different 

pathways. Firstly, by direct cleavage and activation of pro-apoptotic caspases 3 and 7. Secondly, by 

cleavage of pro-apoptotic molecule Bid (part of Bcl-2 family) inducing a cascade of event leading to 

the release of cytochrome C from the mitochondria. This event leads to the formation of the 
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apoptosome activating the pro-apoptotic caspase 9. The third mechanism involves the release of 

Bim (part of Bcl-2 family) to activated the mitochondrial pathway. 

On the contrary, the effect of granzyme A to induce apoptosis is not as clear. Granzyme A is believed 

to contribute to the inflammasome leading to the caspase 1-dependant production of IL-1β. 

Another pathway involves mitochondrial depolarization and the production of ROS leading to DNA 

damage-driven cell death.  

Other Granzymes molecules have been described: C, F, H, K and M. Granzymes K and M were shown 

to regulate the production of pro-inflammatory cytokines. 

 

The death ligands pathway is characterised by the binding of Fas-L and TRAIL to their respective 

receptors (Fas and TRAIL-receptor 1 and 2) which promotes receptors oligomerization leading to 

the recruitment of Fas-associated death domain (FADD) and activation of the caspase 8. Caspase 8 

can trigger two different apoptotic pathways: caspase 3 induces direct apoptosis while Bid triggers 

the mitochondrial pathway. 

Apoptosis via this pathway can be inhibited and replaced by necrotic cell death. Moreover, 

mechanisms blocking the apoptosis can lead to TRAIL-driven proliferation and survival signals. 

 

1.3.4.1.2.Secretion of pro-inflammatory cytokines 

IFNγ is secreted by CTLs, CD4+ T-cells, NK cells, γδ T-cells and macrophages (Albini, et al. 2018; Xiang, 

et al. 2018). It promotes anti-tumour M1 rather than pro-tumour M2 macrophages. This cytokine 

stimulates adaptive immunity (Smyth, et al. 2002) and was shown to mediate anti-metastatic effect 

through inhibition of angiogenesis (Hayakawa, et al. 2002). IFNγ promotes the motility and 

cytotoxic functions of CTLs (Bhat, et al. 2017). It also increased the expression of MHC class-I 

molecules at the surface of tumour cells (Zhou 2009) rendering them more sensitive to CTL killing. 

IFNγ also induces the expression of the immunoproteasome (Tanaka et Kasahara, 1998), allowing 

the presentation of different epitopes by MHC-class I molecules at the surface of tumour cells and 

therefore their recognition by T-cells. Moreover, IFNγ induces the expression of MHC class-II 

molecules by cancer cells (Steimle, et al. 1994), which can lead to recognition and killing of tumour 

cells via cytotoxic CD4+ T-cells in an MHC-II-CD4 restricted manner (Quezada, et al. 2010) (Xie, et al. 

2010). 

Howerer, IFNγ also exhibits anti-inflammatory properties such as the induction of PD-L1 expression 

(Abiko, et al. 2015) and the production of IDO by CD8+ T-cells cells and MDSCs (Labadie, et al. 2019). 

 

TNFα is produced by CTLs and macrophages and is identified both as a pro-tumour and an anti-

tumour cytokine (Balkwill 2009). It can induce the activation and proliferation of T-cells or the 

apoptosis of highly activated effector T-cells (Mehta, et al. 2018) and is known to induce apoptosis 
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or necrosis of tumour cells (Wang, et al. 2008). However, its anti-tumour role is characterised by: 1) 

promotion of Tregs, regulatory B cells and MDSCs, 2) inhibition of CTL responses, 3) induction of 

PD-L1 on tumour cells and 4) induction of angiogenesis and metastasis (Bertrand, et al. 2017; Wang, 

et al. 2008).  

 

IL-2 is mainly produced by antigen-simulated CD4+ T cells but is also produced by CD8+ T-cells, NK 

cells and DCs (Jiang, et al. 2016). It has a major role in maintaining Tregs, but also promotes the 

proliferation of NK cells, CD4+ T-cells and CTLs. Moreover, it favours the differentiation of CD8+ T-

cells into CTLs rather than memory cells (Pipkin, et al. 2010). IL-2 also stimulates the production of 

IFN-, perforin and granzyme as well as promotes the migration of CTL to peripheral tissues (Rollings, 

et al. 2018). This cytokine has been used as a cancer treatment since it showed cancer regression 

in a patient, who remained disease free for 29 years, in 1984 (Rosenberg 2014). 

 

1.3.4.1.3.Concept of exhaustion 

Antigen persistence and sustained pro-inflammatory milieu induce the expression of co-inhibitory 

receptors in CTLs. This state called exhaustion is characterised by the loss of effector functions and 

the incapacity to develop memory cells (Figure 1.5) (Wherry and Kurachi 2015). Exhausted tumour-

specific CD8+ T-cells have been described by many (Baitsch, et al. 2011). 

Exhausted T-cells lose their capacity to proliferate, to secrete pro-inflammatory cytokines (IL-2, IFNγ, 

and TNFα) and to degranulate (Wherry and Kurachi 2015). Moreover, they lose their memory 

phenotype characterised by the expression of CD44, CD62L, CD127 or CXCR3. Finally, they co-

express several inhibitory co-receptors: CTLA-4, PD-1, LAG-3, Tim-3, TIGIT, 2B4, BTLA or also CD160. 

It is however important to note that exhausted T-cells are not inactive and maintain some 

functional capacities. 

Although the concept of exhaustion in cancer is mainly attributed to CTLs, CD4+ T-cells can also 

express co-inhibitory receptors and lose their effector functions (Goding, et al. 2013). 

The existence of inhibitory receptors is essential as these negative regulatory pathways control auto 

reactivity and maintain peripheral tolerance (Sharpe, et al. 2007). Their expression appears 

transiently on effector T-cells following their activation. 
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Figure 1.5: Progressive development of T-cell exhaustion (Reprinted by permission from [Springer 
Nature Customer Service Centre GmbH]: [Springer Nature] [NATURE REVIEWS IMMUNOLOGY] [MOLECULAR 
AND CELLULAR INSIGHTS INTO T CELL EXHAUSTION, WHERRY AND KURACHI], [COPYRIGHT] (2015)) 

 

1.3.4.1.4.Memory T-cells 

The generation of memory T-cells is crucial in cancer to obtain a long-lasting anti-tumour immune 

response (Reading, et al. 2018). Differentiation of T-cells into memory T-cells is facilitated by 

antigen exposure and inflammatory milieu (Shaulo, et al. 2008). Memory T-cells are characterised 

by a long lifespan and a proliferative potential upon antigen re-challenge. 

Three subsets of circulating memory CD8+ T-cells were described: Stem central memory (Tscm), 

Central memory (Tcm) and effector memory (Tem). Tscm have the capacity to differentiate into 

Tcm or Tem upon antigen stimulation and display a naive phenotype (Gattinoni, et al. 2011). Tcm 

can differentiate into Tem upon antigen stimulation and hold a stem-cell like phenotype. Tem are 

more differentiated and display similar functions to effector T-cells. 

Tissue resident memory T-cells (Trm) were described as skin resident T-cells enhancing local 

immunity against pathogens following an infection (Gebhardt, et al. 2009). They can derive from 

either Tcm or Tem cells, secrete pro-inflammatory cytokines (IFNγ, IL-2 and TNFα) upon TCR 

activation, thereby recruiting NK cells and DCs, and produce Granzyme B (Schenkel, et al. 2014). 
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The incapacity to generate functional tumour-specific memory T-cells can be due to several 

mechanisms such as the deletion of tumour associated self-antigen, the low avidity of TCR-peptide 

and MHC interactions, the dysfunction of T-cells (anergy, tolerance, exhaustion) or their incapacity 

to migrate to the tumour site (Reading, et al. 2018). 

 

1.3.4.1.5.TCR affinity and avidity 

The TCR affinity depends on the strength of the interaction between a TCR and an MHC-peptide 

complex (Figure 1.6) (Stone, et al. 2009). A high TCR affinity was shown to correlate with higher 

cytotoxicity and IFNγ production (Tian, et al. 2007). The avidity is defined as the strength between 

multiple TCRs and MHC-peptide complexes (Vigano, et al. 2012). The functional avidity relates to 

the overall clonal T-cell response towards its antigen. Although it is often the case, the TCR affinity 

does not always correlate with the TCR avidity. Indeed, external factors such as inhibitory molecules 

can dampen the T-cell response in spite of a strong TCR/MHC-peptide interaction. 

In cancer, high avidity T-cells have been described as highly cytotoxic (Dutoit, et al. 2001; Pudney, 

et al. 2010). High avidity TCR/MHC-peptide interaction correlates with the expression of PD-1 

(Harari, et al. 2007; Simon, et al. 2015). However, supra-optimal TCR stimulation of high avidity T-

cells was described to induce exhausted T-cells with impaired cytotoxic functions (Brentville, et al. 

2010). Indeed, Janicki et al. described high avidity CD8+ T-cells differentiating into CTL within the 

tumour-draining lymph node but losing their effector function once reaching the tumour site 

(Janicki, et al. 2008). 
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Figure 1.6: Schematic representation, definition, technique of measurement and readout of TCR 
affinity and functional avidity (Reprinted by permission from [CREATIVE COMMONS ATTRIBUTION 
LICENSE]: [Clinical & Developmental Immunology], [Vigano, et al., FUNCTIONAL AVIDITY: A MEASURE TO 
PREDICT THE EFFICACY OF EFFECTOR T CELLS?, (2012)]) 

 

1.3.4.2.CD4+ T-cells 

CD4+ T-cells have various roles in anti-tumour immunity. Mainly, they provide help to CD8+ T-cells 

during the priming phase in the secondary lymphoid organs, allowing the generation of a strong 

and lasting CTL response (Borst, et al. 2018). 

According to Borst et al., the priming of T-cells occurs in two consecutive distinct steps. During the 

first step, DCs independently present antigens to CD4+ and CD8+ T-cells in the lymph node or spleen. 

During the second step, both activated CD4 and CD8+ T-cells interact with the same DC in the same 

lymph node allowing the delivery of the help signal (Eickhoff, et al. 2015; Hor, et al. 2015). The CD4+ 

T-cell/DC interaction induces the expression of CD40L in the CD4+ T-cell, triggering CD40 signalling 

in the DC, thus increasing its antigen presentation ability by an increased expression of the co-

stimulatory ligands CD80/CD86, CD70 and the secretion of type I interferons and of IL-12 and IL-15 

interleukines. CD80/CD86 and CD70 interact with CD28 and CD27, respectively, on the surface of 

CD8+ T-cells, promoting their differentiation and survival (Feau, et al. 2012). DC-derived cytokines 
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promote the differentiation of CD8+ T-cell into CTLs. Moreover, CD4+ T-cells-derived IL-2 and IL-21 

promote the CTL response. 

As a result, CD4+ T-cell help promotes both the effector and the memory CD8+ T-cell responses 

(Ahrends, et al. 2017). 

Help signals promote cytotoxicity mechanisms by inducing the production of IFNγ, TNFα, FAS-L, 

granzyme A and B (Ahrends, et al. 2017). Moreover, in the absence of help, non-cytotoxic exhausted 

CTLs expressing high levels of co-inhibitory receptors such as PD-1 and LAG-3 are generated. CD4+ 

T-cells help selectively promotes functional anti-tumour high avidity antigen-specific CD8+ T-cells 

(Zhu, et al. 2015). Helper T-cells are also required for the induction of a memory response (Janssen, 

et al. 2003) as in their absence, CD8+ T-cells die due to apoptosis during the secondary expansion 

phase (Janssen, et al. 2005). 

 

Other anti-tumour roles of CD4+ T-cells include 1) the recruitment of APCs and NK cells, 2) the 

inhibition of angiogenesis by Th1 cells, 3) the recruitment of eosinophils by Th2 cells and 4) the 

secretion of IFNγ and granzyme B by cytolytic CD4+ T-cells in some cases (Kim, et al. 2014). Indeed, 

cytotoxic CD4+ T-cells-driven anti-tumour immunity relying on the MHC class-II restricted 

recognition of tumour cells was described (Quezada, et al. 2010). 

Moreover, Th1 cells were shown to induce senescence in cancer cells via an IFNγ/TNFα-dependant 

mechanism (Braumuller, et al. 2013). 

 

1.4. Immunotherapies for PCa 

The recognition of the role of the immune system in fighting cancer and the understanding of the 

mechanisms involved lead to the development over the years of numerous immunotherapies. 

Immunotherapies for cancer can be divided into two categories based on their ability to stimulate 

the immune system against tumour cells: passive or active (Galluzzi, et al. 2014). Passive 

immunotherapies have a direct anti-cancer effect, such as tumour-targeting antibodies, adoptive 

transfer of in vitro activated immune cells or oncolytic viruses. On the contrary, active 

immunotherapies aim at stimulating the host immune system, as DC-based immunotherapies, 

peptide- and DNA-based vaccines, immunostimulatory cytokines, immunomodulatory monoclonal 

antibodies or immunogenic cell death inducers. 

The remainder of this section will focus on the main immunotherapies for PCa that are either 

currently in use or being assessed in clinical trials. 
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1.4.1.Immune infiltration in PCa 

To understand the rationale for using immunotherapies for the treatment of PCa, it is crucial to 

comprehend the immune status in prostate tumours. This will also help understanding the difficulty 

of developing immunotherapies for PCa that could generate a complete response in patients. 

Tumours can be categorised as “hot”, inflamed, or “cold”, non-inflamed. Although the development 

of prostate tumours is believed to be partly driven by inflammation (Sfanos and De Marzo 2012), 

prostate tumours are described as cold tumours, with a poor immune infiltrate (Vitkin, et al. 2019). 

One explanation for this is their low mutational burden that renders them less immunogenic due 

to the lack of tumour-associated antigens (Vitkin, et al. 2019). Other factors are: 1) defects in the 

DNA damage response, 2) decreased MHC Class I expression, 3) dysfunctional IFN1 signalling and 4) 

loss of PTEN protein. The latest has been associated with a decrease of IFNγ, granzyme B and of 

CD8+ Tumour Infiltrating Lymphocytes (TILs) (Sharma, et al. 2018). Futhermore, chronic exposure 

to type I IFNs is associated with therapy resistance and immunosuppression. Indeed, the subset of 

interferon-stimulated genes activated after prolonged IFN1 exposure causes radiation and 

chemotherapy resistance (Minn. Et al, 2015) and promotes cancer growth and metastasis (Cheon, 

2014). Chronic IFN1 signaling can also diminish the effect of immunotherapies, such as ICBs, CAR T-

cell therapies and oncolytic virus therapies (Budhwani, et al. 2018). 

 

The presence of TILs, in particular of CTLs and helper T-cells is associated with a good prognosis 

(Fridman, et al. 2017). However, the implication of CD8+ TILs in PCa is not clear. Some studies have 

demonstrated that the presence of TILs is associated with a poor prognosis (Ness, et al. 2014; 

Leclerc, et al. 2016) with one study linking the presence of TILs and macrophages with worse distant 

metastasis-free survival (Zhao, et al. 2019). Ness et al. suggested that TILs in prostate tumours are 

dysfunctional (Ness, et al. 2014), which is supported by the fact that the expression of IFNγ and 

granzyme B was decreased in TILs in comparison to those in normal prostate tissue and was 

accompanied by an increased PD-1 expression (Ebelt, et al. 2008). Furthermore, the expression of 

PD-1 on TILs and of PD-L1 on tumour cells have been observed in 19% of a 16 CRPC patients’ cohort 

(Massari, et al. 2016) while an increased expression of PD-L1 and PD-L2 on DCs and of PD-1 on T-

cells has been observed in the blood of Enzatulamide-resistant PCa patients (Bishop, et al. 2015). 

The presence of CD8+ TILs exhibiting a restricted TCR repertoire was associated with the expression 

of PD-1 (Sfanos, et al. 2009). The dysfunction of TILs could also be due to the presence of 

immunosuppressive factors and cells. The presence in high proportions of both CD4+ and CD8+ Tregs 

has been reported (Kiniwa, et al. 2007; Kaur, et al. 2018) and associated with worse progression-

free survival and OS (Davidsson, et al. 2013; Nardone, et al. 2016). There is also evidence that 

soluble factors generate immunosuppressive PD-L1/CD209 (DC marker)-expressing monocytes in 

the tumour, unable to cross-present tumour-antigens to CD8+ T cells and suppressing T-cell 
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proliferation (Spary, et al. 2014). The decreased proportion of DCs correlates with high Gleason 

score and worse progression free survival (Liu, et al. 2013). The presence of TAMs was observed in 

PCa; however, they were abundant in early clinical stages and decreased in the presence of lymph-

node metastases (Shimura, et al. 2000). A study on a cohort of 234 patients showed that most TAMs 

had an immunosuppressive phenotype alongside inactive T-cells (Lundholm, et al. 2015). An 

increase of MDSCs and Tregs was observed in the blood of PCa patients in comparison to healthy 

donors (Idorn, et al. 2014). The mechanism of T-cell suppression by MDSCs observed relied on the 

expression of iNOS enzyme. Another study demonstrated the role of MDSCs-derived IL-23 in the 

development of CRPC by activation of the androgen receptor pathway in tumour cells, promoting 

their survival and proliferation in an androgen-independent manner (Calcinotto, et al. 2018). A 

preclinical study determined that the loss of PTEN lead to the expansion of MDSCs in the TME 

(Garcia, et al. 2014). 

On the other hand, the presence of DCs and NK cells was associated with improved distant 

metastasis-free survival (Zhao, et al. 2019) and the increase of CD8+ T-cells was associated with 

longer progression free survival following radiotherapy (Nardone, et al. 2016). The presence of NK 

cells in great amount correlated with lower risk of disease progression (Gannon, et al. 2009). The 

expression of IFNγ on TILs was increased in PCa patients in comparison to benign prostatic 

hyperplasia cases (Elsässer-Beile, et al. 2000). 

Vitkin et al. summarized the factors impacting the immune TME in PCa in figure 1.7 (Vitkin, et al. 

2019). 
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Figure 1.7: Tumour Immune Microenvironnement in PCa (Reprinted by permission from [CREATIVE 
COMMONS ATTRIBUTION LICENSE]: [FRONTIERS IN IMMUNOLOGY], [Vitkin, et al., THE TUMOR IMMUNE 
CONTEXTURE OF PROSTATE CANCER, (2019)]) 

 

1.4.2.Cancer vaccines 

Cancer vaccines can be divided into four categories: tumour cell vaccines, DC-based vaccines, 

protein- or peptide-based cancer vaccines and genetic vaccines, either DNA, RNA or viral-based 

(Guo, et al. 2013). 

Regardless of the category, every cancer vaccine aims at delivering tumour antigens to DCs and 

activating DCs in order for them to induce TAA-specific CD4+ and CD8+ T-cell responses.  

 

The choice of the antigen is crucial as the antigen needs to be expressed only (tumour specific 

antigen) or preferentially (TAA) by cancer cells but not by cells belonging to vital organs in order to 

avoid any potential side effects. In addition, the antigen needs to be both immunogenic and 

required by the tumour cells to limit antigen loss due to immuno-editing (Dunn, et al. 2002). The 

antigen also needs to be expressed by the primary tumour and the metastasis. 

The delivery vehicle or the adjuvant to combine with the antigen enhances its immunogenicity.  

They can be divided into six categories: cytokines/endogenous immunomodulators such as GM-CSF, 

microbes and microbial derivatives such as CpG or poly I:C, mineral salts, oil emulsions, particulates 

and viral vectors such as adenovirus, vaccinia or fowl pox (Melero, et al. 2014). 
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To date, Sipuleucel-T is the only FDA-approved therapeutic cancer vaccine. Despite many attempts, 

the development of therapeutic cancer vaccine for all types of cancer has not been so successful, 

many vaccines failed in phase 3 clinical trial because of inexistent or disappointing clinical efficacy. 

It becomes clear that therapeutic cancer vaccines as a monotherapy cannot overcome the 

immunosuppressive TME and the mechanisms of tolerance that T-cells have to face. Therefore, a 

number of ongoing clinical trials are assessing the effect of multiple therapies together. 

Moreover, cancer vaccines are more likely to have a greater benefit for patient with less advanced-

stage cancers (Melero, et al. 2014). 

 

1.4.2.1.Sipuleucel-T 

Sipuleucel-T was briefly described section 1.1.5. 

Its processing is described in figure 1.8. Briefly, isolated PBMCs from patient’s blood were 

stimulated for 36-44 hours with a fusion protein composed of GM-CSF and PAP antigen. GM-CSF is 

a cytokine that promotes the differentiation and activation of DCs (Steinman, et al. 1991). It was 

shown to enhance T-cell cross-priming (Zhan, et al. 2011). The cells reinfused back into the patient 

are believed to induce CD4+ and CD8+ T-cell responses. 

The Immunotherapy for Prostate Adenocarcinoma Treatment (IMPACT) trial confirmed the 

improved survival effect of Sipuleucel-T (Kantoff, et al. 2010).  521 mCRPC patients were enrolled, 

with 2/3 receiving Sipuleucel-T and 1/3 placebo, and received 3 infusions every two weeks. The 

improved OS was of 4.1 months, with one patient who had a partial remission. PSA decline of ≥50% 

was only observed in 2.6% of patients. Antibodies against the fusion protein were detected in 66.2% 

of patients (2.9% for placebo group) while antibodies against PAP were detected in 28.5% of 

patients (1.4% in the placebo group). In vitro stimulation with the fusion protein induced T-cell 

proliferation in 73% of Sipuleucel-T treated patients (against 12.1% in the placebo group) while 27.3% 

of patients exhibited T-cell proliferation in response to PAP stimulation (against 8% in the placebo 

group). Interestingly, the increase of antibodies targeting PAP or the fusion protein correlated with 

an improved OS while the T-cell proliferation observed did not. 

The majority of patients received docetaxel chemotherapy following either Sipuleucel-T treatment 

or placebo. 

Despite the improved OS in patients with asymptomatic or minimally symptomatic mCRPC, no 

progression free survival improvement was observed. 
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Figure 1:8: Processing of Sipuleucel-T (Reprinted by permission from [SAGE PUBLICATIONS], gratis reuse 

for doctoral dissertations: [THERAPEUTIC ADVANCES IN MEDICAL ONCOLOGY], [GARCIA, SIPULEUCEL-T IN 

PATIENTS WITH METASTATIC CASTRATION-RESISTANT PROSTATE CANCER: AN INSIGHT FOR ONCOLOGISTS, 

(2011)]) 

 

Since its FDA-approval, Sipuleucel-T has been studied further to understand its mechanism of action, 

and has been assessed in combination with diverse (immuno)therapies. 

 

Analysis and comparison of the IMPACT trial with two previous phase III clinical trials 

(D9901/D9902A) confirmed the in vitro expansion and activation of APCs, characterised by the 

increased expression of CD54, and suggests the establishment of both cellular and humoral immune 

responses, all of these parameters correlating with improved OS (Sheikh, et al. 2013). Antonarakis 

et al. demonstrated the lytic phenotype of circulating PAP-specific CD8+ T-cells in Sipuleucel-T 

treated patients, determined by CD107a degranulation marker expression (Antonarakis, et al. 2018). 

Moreover, the expression of both IFNγ and granzyme B in PAP-specific T-cells was observed 

(Wargowski, et al. 2018). 
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When Sipuleucel-T was administered prior to prostatectomy, it was shown to induce the 

recruitment of T-cells to the TME (Fong, et al. 2014). The majority of these T-cells expressed PD-1, 

proliferated, and secreted IFNγ following stimulation with the PAP protein. 

Interestingly, the presence of antibodies against other antigens was observed following Sipuleucel-

T treatment, in particular against PSA, suggesting antigen spread, and correlated with improved OS 

(GuhaThakurta, et al. 2015). The transient increase of eosinophils was found to correlate as well 

with increased OS (McNeel, et al. 2014). As expected, the IMPACT trial showed that a low PSA 

baseline correlated strongly with improved OS, suggesting that patients with less advanced disease 

benefit more from the vaccine (Schellhammer, et al. 2013). 

 

The combination of Sipuleucel-T with other currently used treatments for mCRPC, such as 

Enzatulamide and Abiraterone Acetate, was well tolerated and did not alter the immunological 

effects observed when Sipuleucel-T was administered alone (Quinn, et al. 2014; Small, et al. 2015). 

Sipuleucel-T followed by ADT induced stronger anti-tumour responses than ADT followed by 

Sipuleucel-T in non-metastatic patients with recurrent disease (Antonarakis, et al. 2017). 

 

Although Sipuleucel-T demonstrated clinical benefit for mCRPC patients by improving the OS, there 

is still no cure for advanced PCa and new therapies are needed. The next section describes some of 

the vaccines in development for PCa. 

 

1.4.2.2.Vaccines in phase III clinical trials 

Considering the great number of PCa therapeutic vaccines under investigation, this section will 

focus on vaccines that have reach phase III clinical stage or phase II trials that target PAP protein 

(Table 1.2). 

 

PROSTVAC (also named PSA-TRICOM) is a poxviral-based vaccine that encodes for PSA, its target 

antigen, and three costimulatory molecules: B7.1 (CD80), ICAM-1 (CD54) and LFA-3 (CD58). To avoid 

the development of neutralising antibodies against viral proteins which would alter the immune 

response, a heterologous prime-boost strategy is used. The vaccinia virus rV-PSA is used for priming 

while the fowlpox virus rF-PSA is used for boosting (6 boosters). The phase II trial showed an 

improved OS of 8.5 months and a death rate reduction of 44% (Kantoff, et al. 2010), however the 

results from the PROSPECT phase III trial (NCT01322490) of PROSTVAC in combination with GM-

CSF did not reveal any improvement on the OS, leading to its early discontinuation (Gulley, et al. 

2015). Nonetheless PROSTVAC was shown to increase the number of PSA-specific T-cells as well as 

inducing antigen spreading (Gulley, et al. 2014). It is now being assessed in combination with 
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Enzatulamide (NCT01867333), docetaxel (NCT02649855) and immune checkpoint inhibitors anti-

CTLA-4 (NCT02506114) and anti-PD-1 (NCT02933255). 

 

GVAX-PCa is a whole tumour cell vaccine composed of LNCaP and PC3 PCa cell lines, transduced to 

secrete GM-CSF. These two cell lines are derived from lymph node and bone metastases 

respectively. LNCap expresses PCa associated antigens such as PSA, PAP or Prostate-Specific 

Membrane Antigen (PSMA) (Simons and Sacks 2006). 

Despite two phase II trials demonstrating decreased blood PSA and development of anti-vaccine 

antibodies, both phase III trials, VITAL-1 and VITAL-2, assessing the effect of GVAX-PCa on OS were 

terminated early (Sonpavde, et al. 2010). VITAL-1, evaluating GVAX-PCa versus docetaxel + 

prednisone in asymptomatic chemo-naïve mCRPC patients, was terminated due to the low probably 

of leading to an improved OS, its endpoint. VITAL-2, evaluating GVAX-PCa + docetaxel versus 

docetaxel + prednisone in symptomatic chemo-naïve mCRPC patients, was terminated due to the 

toxicity of GVAC-PCa leading to an increased number of deaths. 

 

DCVAC/PCa autologous vaccine consists of in vitro activated DCs pulsed with killed LNCaP cells. The 

single-arm phase I/II trial revealed an OS of 19 months, while predicted median OS was of 11.8 or 

13 months (Halabi and MSKCC monograms respectively) (Podrazil, et al. 2015). Circulating PSA-

specific T-cells were detected alongside a reduction of Tregs. The VIABLE phase III trial is ongoing 

(NCT02111577) and results are expected by June 2020. 

 

Another therapeutic vaccine worth mentioning, although it did not reach phase III clinical trial, is a 

DNA vaccine encoding the whole PAP protein: pTVG-HP. Its evaluation in a phase I/IIa trial 

demonstrated its capacity to induce PAP-specific T-cell responses, characterised by IFNγ secretion 

and proliferation in response to PAP stimulation, and to increase the PSA doubling time (McNeel, 

et al. 2009). Moreover, the immune response observed was amplified by booster immunisations 

(Becker, et al. 2010). Adaptation of the immunisation schedule based on real-time immune 

monitoring did not increase the frequency of patients developing PAP-specific T-cell responses 

(McNeel, et al. 2014). However, the study revealed the presence of effector and effector memory 

Th1 PAP-specific T-cell responses. A phase II trial is currently ongoing (NCT01341652) to test the 

effect of pTVG-HP, with GM-CSF versus GM-CSF alone, on metastasis free-survival and is expected 

to be completed by April 2020. 

A pilot study assessed the effect of vaccinating with Sipuleucel-T (as per usual regimen: 3 times with 

2 weeks intervals) and boosting with pTVG-HP (4 times with two weeks intervals + 2 immunisations 

with 3 months intervals), versus no boosting (Wargowski, et al. 2018). The aim was to determine 

whether additional immunisation with the pTVG-HP vaccine could prolong or increase the PAP-
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specific immune response. However, there was no increased immune response or effect on OS or 

PSA doubling time. Subsequent studies will assess this combination using pTVG-HP first and 

boosting with Sipuleucel-T as this strategy is believed to elicit stronger Th1 cellular immunity rather 

than Th2 immunity. 

 

Therapeutic cancer vaccines are an attractive therapy for cancer patients as, unlike other therapies, 

they are well tolerated and side effects are usually minimal. However, vaccines were shown to have 

more clinical benefit in patients with low tumour burden and less aggressive disease. Indeed, 

efficacy is dampened by the immunosuppressive microenvironment. Therefore, other therapies 

capable of counteracting the immunosuppression are required, as stand-alone or in combination 

with PCa vaccines.
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Table 1:2: Completed or ongoing phase II and III clinical trials assessing therapeutic vaccines for the treatment of PCa 

Vaccine Antigen Mechanism of action Phase Patients Outcome Trial Identifier Reference 

PROSTVAC 

(PSA-TRICOM) 
PSA 

Poxviral-based vector 

encoding PSA + co-

stimulatory molecules 

(CD80, CD54 and CD58) 

II 
mCRPC 

(n=125) 

8.5 months OS 
improvement 

NCT00078585 

Kantoff, et al. 

2010 J Clin 

Oncol 

PROSPECT 

III 

mCRPC 

(n=1200) 

No OS 
improvement 

NCT01322490 
Gulley, et al. 

2015 

GVAX-PCa 
PSA, PAP, 

PSMA 

GM-CSF secreting 

LNCaP and PC3 cell 

lines 

VITAL-1 

III 

Asymptomatic 

chemo-naïve  

mCRPC 

(n=626) 

No OS 
improvement 

NCT00089856 

Sonpavde, et al. 

2010 

VITAL-2 

III 

Symptomatic 

chemo-naïve  

mCRPC 

(n=408) 

Toxicity NCT00133224 

DCVAC/PCa 
PSA, PAP, 

PSMA 

In vitro activated DCs 

pulsed with killed 

LNCaP cells 

I/II 

Progressive 

mCRPC 

(n=25) 

6-7.2 months 
OS 

improvement 

Eudra CT 2009-

017295-24 Podrazil, et al. 

2015 
Viable 

III 

mCRPC 

(n=1170) 
Ongoing NCT02111577 

pTVG-HP PAP DNA vaccine 

I/IIa 

Non metastatic 

castrate 

sensitive PCa 

(n=22) 

PAP-specific T-
cell responses 

 
McNeel, et al. 

2009 

II 

Non-metastatic 

Prostate Cancer 

(n=99) 

Ongoing NCT01341652  
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1.4.3.Immune checkpoint blockade 

ICB have demonstrated their efficacy in a number of cancers since the FDA-approval of Ipilimumab 

(anti CTLA-4) for the treatment of melanoma in 2011. Subsequently, antibodies targeting PD-1, PD-

L1, PD-L2, LAG-3, TIM-3 or VISTA have gained interest and been evaluated. 

The outcome of clinical trials assessing ICB targeting the CTLA-4 or PD-1/PD-L1 axis as stand-alone 

(Table 1.3) and in combination with vaccines (Table 1.4) in PCa are summarised below. 

 

Ipilimumab was tested in mCRPC in two phase III clinical trials: one before (Beer, et al. 2017) and 

one after chemotherapy treatment (Kwon, et al. 2014). In the first trial performed, patients 

received Ipilimumab after Docetaxel chemotherapy. Although the primary endpoint of OS was not 

reached (P=0.53), progression-free survival was increased. Further analyses showed Ipilimumab 

was more effective and did improve OS in patients with less advanced disease such as no visceral 

metastases (P = 0.0038). In the second trial, chemotherapy naive patients without visceral 

metastasis received Ipilimumab and while median progression-free survival was prolonged and PSA 

decrease was observed, OS was not improved. 

Although the clinical efficacy of Ipilimumab in mCRPC was disappointing, studies of tumours 

pre/post treatment showed an increase of VISTA and PD-L1 molecules on the surface of 

macrophages, suggesting new possible targets (Gao, et al. 2017).  

 

The first phase I trial assessing the efficacy of Nivolumab (anti PD-1) showed no objective response 

in mCRPC patients (Topalian, et al. 2012), which can be explained by the known weak PD-L1 

expression in human prostate tumours (Martin, et al. 2015). However, a phase II trial assessing 

Pembrolizumab (anti PD-1) in Enzatulamide-resistant mCRPC patients reported a drop of PSA value 

in 3 out of 10 patients, with 2 of them achieving a partial response (Graff, et al. 2016), corroborating 

the fact that PD-L1 expression increases in Enzatulamide resistant tumours (Bishop, et al. 2016). 

Indeed, further analysis demonstrated that the two responders had a PD-L1 positive biopsy and 

that one of them presented markers of microsatellite instability. In the phase I KEYNOTE-28 study 

assessing the effect of Pembrolizumab on advanced PCa patients with at least 1% of tumours 

expressing PD-L1, 13% of patients had a partial response and 39% had a stable disease (Hansen, et 

al. 2018). These encouraging results demonstrate the efficacy of anti PD-1 antibodies in selected 

PCa patients and lead to the phase II KEYNOTE-199 trial. This trial assessed Pembrolizumab in 

Docetaxel-refractory mCRPC patients and showed antitumor activity and disease control regardless 

of PD-L1 expression (De Bono, et al. 2018). 

Furthermore, the FDA-approval of Pembrolizumab in 2017 for the treatment of mismatch repair-

deficient or microsatellite-unstable cancers (Le, et al. 2017) will benefit a proportion of PCa patients 

(12%) (Pritchard, et al. 2014; Schweizer, et al. 2016). These patients have somatic mutations in 
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mismatch repair genes leading to microsatellite instability and therefore to hypermutated tumours 

(Pritchard, et al. 2014), which correlates with response to ICB (anti-CTLA4, anti-PD1, anti-PDL1) in 

several tumor types. 

Several anti PD-L1 antibodies are currently undergoing clinical trials in mCRPC. Although Avelumab 

(anti PD-L1) did not induce objective responses, 3 out of 18 mCRPC patients had a stable disease 

for at least 24 months (Fakhrejahani, et al. 2017). 

 

Thereafter, the combination of Ipilimumab and Nivolumab was tested in a phase II trial as it induced 

a synergistic effect in melanoma. mCRPC patients with ARV7+ tumours (constitutively active 

androgen-receptor splice variant 7) were selected, expecting these tumours would be enriched in 

DNA repair mutations and therefore more sensitive to ICB (Boudadi, et al. 2017). Results were 

encouraging and objectives responses were more common in DNA repair deficient tumours. 

 

Although ICB therapies have not been as successful as hoped in mCRPC patients, there have been 

some encouraging results which require further investigations and indicate that subsets of patients 

might respond to ICB. Patients should therefore be selected, by assessing the presence of mutations 

in mismatch repair genes as well as the expression of PD-L1 in tumours prior to therapy when 

considering blockade of the PD-1/PD-L1 axis. 

Nonetheless, ICB have since been extensively evaluated in combination with other therapies: 

hormonal therapy, chemotherapy, radiotherapy and therapeutic vaccines. Most of these trials are 

ongoing and results are not available yet but some are already completed. 

 

A phase I trial assessing the combination of Sipuleucel-T and low dose Ipilimumab was well 

tolerated and demonstrated an increase of PAP-specific Immunoglobulins in comparison to what is 

usually observed with Sipuleucel-T treatment alone (Scholz, et al. 2017). Median survival for the 9 

patients reached 4 years and although 3 patients died, the 6 remaining had a median PSA value of 

5.5, with one patient in durable remission (Ku, et al. 2018). 

Ipilimumab was also tested in combination with PSA-TRICOM vaccine in mCRPC patients. 58% of 

chemotherapy-naive patients had PSA declines with 6 of them having a drop of at least 50% (Madan, 

et al. 2012). This phase I trial reported a median OS of 2.63 years and identified immune cell subsets 

that correlated with longer OS (Jochems, et al. 2014). The lower proportion of PD-1+/TIM-3- CD4 

effector memory T-cells, higher proportion of PD-1-/TIM-3+ CD8+ T-cells and the higher proportion 

of CTLA- Tregs before immunotherapy correlated with longer OS. On the contrary, the increase of 

Tim-3+ NK cells post-immunotherapy correlated with longer OS. 
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Finally, the combination of pTVG-HP DNA vaccine with Pembrolizumab is currently ongoing and 

preliminary results from this phase II trial showed PSA declines, decreased tumour volumes in 

several patients, including one partial response, and the presence of circulating Th1 PAP-specific T-

cells (McNeel, et al. 2017). This trial was based on a previous trial demonstrating anti-tumour 

responses when Pembrolizumab was given concurrently to the DNA vaccine and not sequentially 

(McNeel, et al. 2018). 

 

These trials demonstrate the safety and improved efficacy of therapeutic cancer vaccines in 

combination with ICB therapies, providing hope for the treatment of for mCRPC.
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Table 1:3: Completed selected clinical trials assessing ICB therapies targeting the CTLA-4 or PD-1/PD-L1 axis for the treatment of PCa 

Target Antibody Phase Patients Outcome Trial Identifier Reference 

CTLA-4 Ipilimumab 

III 
Docetaxel treated 

mCRPC 
(n=988) 

No improved OS (P=0.53) 
 

Increased PFS 
 

Improved OS on patients 
with less advanced 
disease (P=0.0038) 

NCT00861614 
Kwon, et al. 

2014 

III 
Chemotherapy naive 

mCRPC 
(n=837) 

No improved OS 
 

Increased PFS 
NCT01057810 

Beer, et al. 
2017 

PD-1 

Nivolumab I 
mCRPC 
(n=17) 

No objective response NCT00730639 
Topalian, et al. 

2012 

Pembrolizumab 

II 
 

Enzatulamide-
resistant mCRPC 

(n=10) 
20% of partial response NCT02312557 

Graff, et al. 
2016 

KEYNOTE-28 
Ib 

PD-L1+ tumour 
mCRPC 
(n=23) 

13% of partial response 
39% of stable disease 

NCT02054806 
Hansen, et al. 

2018 

KEYNOTE-199 
II 

Docetaxel-refractory 
mCRPC 
(n=258) 

Anti-tumour activity 
regardless of PD-L1 

expression 
NCT02787005 

De Bono, et al. 
2018 

PD-L1 Avelumab I 
mCRPC 
(n=18) 

17% of stable disease NCT01772004 
Fakhrejahani, 

et al. 2017 
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Table 1:4: Completed or ongoing selected clinical trials assessing therapeutic vaccines in combination with ICB therapies targeting the CTLA-4 or PD-1/PD-L1 axis for the 

treatment of PCa 

Combination Phase Patients Outcome Trial Identifier Reference 

Sipuleucel-T 
+ 

Ipilimumab 
I 

Docetaxel-naive 
progressive mCRPC 

(n=9) 

Median survival >4 years for 6 of 9 
patients 

 
1 durable remission 

 
Increased PAP-specific humoral 

response (versus Sipuleucel-T alone) 

 
Ku, et al. 

2018 

PROSTVAC 
+ 

Ipilimumab 
I 

mCRPC 
(n=24) 

Media OS= 2.63 years NCT00113984 
Jochems, et 

al. 2014 

pTVG-HP 
+ 

Pembrolizumab 

I 
mCRPC 
(n=26) 

PSA declines 
 

Anti-tumour activity 
 

McNeel, et al. 
2018 

II 
mCRPC 
(n=66) 

Ongoing 
 

Anti-tumour activity observed 
 

1 partial response 

NCT02499835 
McNeel, et al. 

2017 
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1.4.4.Other immunotherapies 

1.4.4.1.Oncolytic virotherapy 

Oncolytic viruses exercise their efficacy by replicating within tumour cells, inducing their lysis and 

the release of tumour antigens thereby activating the innate immune system and promoting the 

priming and expansion of tumour-specific T-cells. 

The FDA-approval of Talimogene laherparepvec in 2015 for the treatment of advanced melanoma 

has confirmed the clinical benefit of these type of therapies (Conry, et al. 2018), which are now 

being developed for other cancer types. 

ProstAtak (aglatimagene besadenovec) is developed by Advantagene and is currently undergoing 

two clinical trials. This therapy consists of the intratumoral delivery of an inactivated herpetic virus 

containing the thymidine-kinase gene (adV-tk), followed by treatment with an anti-herpetic drug 

(Valacyclovir) (Rojas-Martinez, et al. 2013). 

An ongoing phase II trial is assessing the effect of ProstAtak as a stand-alone in patients with 

localised PCa undergoing active surveillance (NCT02768363), results are expected by September 

2020. 

ProstAtak is also currently being assessed in combination with radiotherapy in a phase III trial for 

patients with intermediate-high risk localised PCa (NCT01436968). Results are expected by 

December 2022. This trial is based on synergistic results observed during the phase II trial, 

demonstrating a reduced recurrence rate (Aguilar, et al. 2006). 

 

1.4.4.2.Anti-tumour antibodies 

Anti-tumour antibodies function by targeting tumour antigens that are highly expressed on tumour 

cells, leading to ADCC. In PCa, two antibodies have reached phase II clinical trial. 

J591 monoclonal antibody, targeting PSMA, assessed with low-dose IL-2 did not show encouraging 

results (Jeske, et al. 2007). However, J591 radiolabelled with lutetium-177, to facilitate the killing 

of prostate tumour cells, induced PSA decline in 60% of patients, one partial response and stable 

disease in 67% of patients with measurable disease (Tagawa, et al. 2013). 

Another strategy is to conjugate chemotherapeutic drugs to the antibody in order to deliver it 

directly to tumour cells. PSMA Antibody drug conjugate (ADC) delivers the chemotherapeutic agent 

MMAE (Monomethyl auristatin E) to PSMA-expressing cells. A phase II trial demonstrated anti-

tumour efficacy, PSA declines in 44% of patients, 61% of stable disease and 13% of partial responses 

(Petrylak, et al. 2015). 
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1.4.4.3.Adoptive cellular Therapy (CAR T cells) 

This therapy consists in genetically engineering a patient’s own T-cells before reinfusion. 

Generation of Chimeric Antigen Receptor (CAR) T-cells, which target antigens via an antibody-

derived single chain variable fragment, rendering the T-cell MHC-independent, is the most 

promising approach. Targeting of CD19 in B-cell lymphomas using this technique was highly 

successful, with up to 71% of complete remissions and durable responses, leading to the FDA-

approval of 2 anti-CD19 CAR T-cell therapies (Comiskey, et al. 2018). 

In PCa, one CAR T-cell targeting PSMA is currently undergoing phase I clinical trial for metastatic 

PCa (NCT01140373) and demonstrated safety with increased levels of cytokines suggesting 

activation of the engineered T-cells (Slovin, et al. 2013). Another phase I trial, recently initiated, 

assesses CAR T-cells targeting the prostate stem cell antigen (PSCA) in mCRPC patients 

(NCT03873805).  

 

1.4.5.Immune effect of conventional therapies 

As immunotherapies developed in PCa aim at treating mCRPC, it is necessary to understand that 

these patients would have previously received conventional therapies that may have affected their 

immune system. Indeed, hormonal therapy, chemotherapy and radiotherapy have been shown to 

display immuno-modulatory properties. 

 

Hormonal therapy 

ADT demonstrated immuno-modulatory effects such as 1) reversing thymic involution (Sutherland, 

et al. 2005), 2) promoting the survival and differentiation of thymocytes into mature T lymphocytes 

(Dulos and Bagchus 2001; Roden, et al. 2004), 3) attenuating tolerance to prostatic antigens (Drake, 

et al. 2005) and 4) increasing the immune infiltration in prostate tumours (Mercader, et al. 2001). 

Roden et al. demonstrated that androgen ablation could enhance proliferation induced antigen-

specific stimulation and prostatic T-cell infiltration, while Drake et al. showed that vaccination could 

be potentiated following androgen ablation. 

Consecutive to ADT, human prostate tumours are enriched in both CD4+ and CD8+ T-cells and in 

APCs (Mercader, et al. 2001). Moreover, the T-cell response observed appeared to be oligo clonal. 

Gannon et al. also observed an increase of T-cells in prostate tumours following ADT treatment, 

however, the increase of macrophages reported correlated with a higher risk of disease progression 

(Gannon, et al. 2009). 

These findings led to trials assessing the combination of ADT with immunotherapies such as cancer 

vaccines in order to potentiate their effect.  

Primary results from a study suggested that Sipuleucel-T could be more efficacious if given after 

ADT (Antonarakis, et al. 2013), however, further assessment of this phase II trial showed that 
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patients benefited better from Sipuleucel-T when it was given prior to ADT, regarding vaccine-

specific induced humoral and cellular responses (Antonarakis, et al. 2017). Another study assessing 

the combination of PROSTVAC vaccine with ADT also suggested the benefit of vaccinating patients 

prior to ADT, as OS was improved (P=0.045) (Madan, et al. 2008). However, is it important to bear 

in mind that these studies were performed on small cohorts and therefore, more data is needed to 

determine whether vaccines are more efficacious when given before or after ADT. 

 

Chemotherapy 

A number of chemotherapy drugs have also been described as having immuno-modulatory effects, 

in particular by inducing immunogenic cell death, a type of cell death showed to stimulate the 

immune system by promoting the uptake and processing of tumour antigens by DCs and the antigen 

presentation to T-cells, resulting in an increased proportion of TILs (Wang, et al. 2018). 

Chemotherapy-induced cytotoxicity was proposed to induce antigen cascade, rendering more TAAs 

available to the immune system (Madan, et al. 2012). In the context of PCa, Docetaxel 

chemotherapy was reported to increase the production of pro-inflammatory cytokines (IFNγ and 

TNFα) by lymphocytes therefore increasing their cytotoxic functions (Grunberg, et al. 1998). These 

facts lead to numerous combinatorial trials of Docetaxel with immunotherapies. 

 

Radiation therapy 

Radiation can render tumour cells more sensitive to lymphocyte killing by upregulating the 

expression of 1) tumour antigens, 2) costimulatory molecules, such as CD80, 3) Fas molecules and 

4) MHC class-I molecules (Hodge, et al. 2012). Radiation was also reported to create a pro-

inflammatory microenvironment characterised by the presence of cytokines, chemokines and 

adhesion molecules enhancing the recruitment of T-cells (Friedman 2002). 

As expected, these findings also lead to combinatorial trials assessing the synergistic effect of 

radiotherapy and immunotherapy (Finkelstein, et al. 2015). 

 

Radium-223 was described as displaying immunomodulatory effects in vitro via increasing the 

expression of MHC class-I on PCa cell lines, thereby rendering them more susceptible to T-cell 

mediated lysis (Malamas, et al. 2016). 

 

These facts need to be considered when developing new strategies for the treatment of mCRPC. 

Indeed, although immunotherapy is extremely promising, it can be used not only in combination 

with other immunotherapies but with standard therapies that are already FDA-approved and have 

demonstrated immunomodulatory effects resulting in clinical benefit for patients. 

 



48 
 

1.4.6.PAP as a target 

PAP is a 100 kDa glycoprotein composed of two subunits of about 50kDa each, acting as a tyrosine 

phosphatase (Muniyan, et al. 2013). Two forms have been described: intracellular and secreted in 

the seminal fluid. This protein is highly expressed in the prostate tissue, however, other tissues such 

as bladder, kidney, pancreas, cervix, testis, lung and ovary can also express low amounts of PAP at 

the mRNA level. 

PAP was discovered in the 1930s and was used as a diagnostic biomarker until the identification of 

PSA. Interestingly, its cellular form decreases as PCa progresses while its secretory form increases 

with disease progression. The cellular form is described as a tumour suppressor, with prostate 

tissue expressing low level of PAP being at higher risk of carcinogenesis. Indeed, several in vitro and 

in vivo studies with PCa cell lines showed that PAP expression inversely correlates with their growth 

rate and tumorigenicity.  

Apart from being involved in fertility, the role of PAP secretory form is less clear. 

Unlike PSA, PAP expression is androgen-independent. The decrease of cellular PAP induces a 

signalling cascade leading to the survival, proliferation and PSA production of PCa cells in an 

androgen-independent manner, allowing PCa cells to develop a castration-resistant phenotype 

(Muniyan, et al. 2013). 

PAP relatively restricted expression in prostate tissues makes it a good target for the treatment of 

prostate cancer. Moreover, PAP is expressed in 95% of primary prostate tumours (Graddis, et al. 

2011) and 11% of PCa patients have detectable circulating PAP-specific T helper cells (McNeel, et 

al. 2001). In addition, serum PAP was found to be increased in patients with bone metastases in 

comparison to those without metastases (Ahmann and Schifman 1987). Sipuleucel-T vaccine has 

validated the strategy of therapeutic cancer vaccines and of using PAP as a target for the treatment 

of PCa. Although it demonstrated clinical benefit by improving the OS of patients by 4 months, its 

limited efficacy illustrates the necessity of developing new therapeutic strategies.  

Its limited efficacy is due, in part, to the immunosuppressive environment of the tumour. Indeed, 

Fong et al.  demonstrated the expression of PD-1 on the majority of infiltrating T-cells as well as a 

small proportion of Tregs at the tumour interface in patients treated with Sipuleucel-T (Fong, et al. 

2014). 

 

Previous work conducted at the John van Geest Cancer Research Centre demonstrated that 

vaccination with a 15mer PAP-derived peptide, containing an HLA-A2 class-I restricted epitope 

within an HLA-DR1 class-II-restricted epitope, could induce PAP-specific T-cell responses. 

Furthermore, immunisation with this peptide sequence in a DNA vector format, the ImmunoBody®, 

generated higher avidity T-cell responses and reduced the tumour growth in established 

heterotopic TRAMP-C1 murine prostate cancer cell-derived tumours (Saif, et al. 2014). This 
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sequence was then elongated to 42 amino-acids long in order to increase the number of potential 

epitopes. The goal was to increase the HLA haplotypes that could present epitopes, thereby 

becoming applicable to a larger population of patients rather than only to HLA-A2+ patients. Longer 

peptides, rather than single epitopes, have been shown to induce stronger CD8+ T-cell reactivity in 

vivo (Bijker, et al. 2007) and were able to induce a more efficient and robust protective immune 

response. Moreover, long synthetic peptides were shown to be highly advantageous by allowing 

the incorporation of multiple epitopes allowing HLA typing-independent vaccine design (Melief 

2008).  

A change of amino-acid at position 116 was found to increase the immunogenicity of the previously 

reported 15mer, this was therefore retained in the elongated sequence. The mutated 42mer PAP-

derived peptide was shown to induce stronger PAP-specific T-cell responses towards MHC class-I 

and class-II epitopes than its WT counterpart which can be explained by its ability to improve the 

predicted MHC binding score to the epitopes assessed. 

This project aims to assess the efficacy of several adjuvant/delivery systems in eliciting strong PAP-

specific immune responses and the anti-tumour efficacy of the strongest vaccine strategy in tumour 

bearing animals.  

 

1.5. Aims of the study 

To assess the efficacy of the vaccine, two preclinical murine models were used: C57Bl/6 mice and 

HHDII/DR1 transgenic mice. In both models, the ability of wild type (WT) and mutated 42mer PAP-

peptide sequences to induce PAP-specific immune responses was compared using different delivery 

systems (peptide-based vaccines versus DNA vaccine). Following immunisation, in vitro 

experiments were performed on splenocytes to assess the vaccine-induced PAP-specific immune 

response as well as the capacity of lymphocytes to recognize and lyse PAP-expressing target cells. 

These results lead to the selection of the most immunogenic vaccine strategy.  

The final aim was to assess the anti-tumour efficacy of the selected vaccine strategy in heterotopic 

tumour models in both prophylactic and therapeutic settings. 

In parallel, the presence of circulating PAP-specific CTLs in the blood of PCa patients was measured 

to assess whether PCa patients have a pre-existing immune response towards PAP antigen, which 

differs from that of patients with benign disease. 
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Chapter 2: Materials and methods  

2.1 Materials  

2.1.1.Cell culture reagents  

 PROVIDER  

Media  

TexMACS  MACS Miltenyi Biotec 

RPMI 1640  SLS (Lonza)  

DMEM  SLS (Lonza)  

Opti-MEM®  Thermo Fisher Scientific  

CTL wash Immunospot 

Culture media supplements   

Fetal calf serum (FCS)  Fisher (GE Healthcare)  

Nu-Serum IV culture supplement Corning 

L-Glutamine  SLS (Lonza)  

D-glucose Sigma  

5α-dihydrotestosterone solution (DHT) Sigma 

HEPES  SLS (Lonza)  

Sodium Pyruvate  SLS (Lonza)  

Pen/strep antibiotic solution  SLS (Lonza)  

2-mercaptoethanol  Sigma  

Other culture reagents   

Benzonase Merck 

Dimethyl sulfoxide (DMSO)  Insight Biotechnology  

Dulbecco’s phosphate buffered saline (DPBS)  SLS (Lonza)  

Lipopolysaccharide (LPS)  Sigma  

Phosphate buffer saline (PBS)  BioWhittaker Europe  

Trypan Blue solution 0.4%  Sigma  

Trypsin/Versene  SLS (Lonza)  

EDTA 0.5M  Ambion  

Acetic acid  Fisher Scientific  

Anhydrous ethanol  Sigma  

Antibiotics  

Puromycin  Sigma  

Geneticin (G418) Sigma  

Hygromycin  Sigma  

Zeocin  Invitrogen  

Cytokines and peptides  

Murine interferon γ PeproTech 

Murine Interleukin 2 PeproTech 

Recombinant human IL-2 R&D Systems 

Recombinant human IL-15 R&D Systems 

Peptides  Genscript  

  

2.1.2.Chemical reagents   

 PROVIDER  

Agar  Bioline  

Ammonium Persulphate (APS)  Geneflow  

Ampicillin  Sigma  

Bovine serum albumin (BSA)  Merck  

Bromophenol blue  Arcos Organics  
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Butane  Fisher Scientific  

Calcium chloride (CaCl2)  Sigma  

Chromium-51  Biosciences  

Dextran sulphate  Sigma  

Double distilled water (ddH2O)  Barnstead, Nanopure  

Clarity Western ECL Substrate  Bio Rad  

Ethanol  Fisher Scientific  

Ethyl alcohol absolute  VWR chemicals  

Ethylenediaminetetraacetic acid (EDTA)  Sigma  

Gold microcarriers (1.0mm)  BioRad  

Glycerol  Sigma  

Glycine  Sigma  

Isopropanol  Sigma  

ISOTON sheath fluid  Beckman Coulter  

Lipofectamine 3000 Transfection Reagent  Invitrogen  

Liquid nitrogen  BOC  

Magnesium chloride (MgCl2)  Sigma  

Methanol  Fisher Scientific  

Paraformaldehyde  Arcos  

Phosphate Buffer Saline (PBS)  Bio Whittaker Europe  

Phosphate Buffer Saline (PBS) Tablets  Oxoid  

Polyvinyl pyrrolidone (PVP)  Sigma  

Protein Assay Dye Reagent Concentrate  Bio-Rad  

Protease Inhibitor Cocktail  Sigma  

Propidium iodide  Sigma  

Protogel (30% Acrylamide mix)  Geneflow  

Sodium azide (NaN3)  Sigma  

Sodium chloride (NaCl)  Calbiochem  

Sodium dodecyl sulphate (SDS)  Sigma  

Sodium hydroxide (NaOH)  Fisher Scientific  

Spermidine  Sigma  

Sucrose  Sigma  

2-methylbutane (isopentane)  Acro Organics  

TEMED  Sigma  

Triton-X-100  Sigma  

1M Tris-HCl  Invitrogen  

Trizma (Tris) base  Sigma  

Tryptone  Sigma  

Tween-20  Sigma  

Xylene  Fisher Scientific  

Yeast extract  Sigma  

  

2.1.3.Antibodies and Flow cytometry/Western blotting reagents 

 PROVIDER  

Flow cytometry antibodies Biolegend 

Dextramers Immudex 

soluble anti-CD28 Biolegend 

soluble anti-CD49d Biolegend 

Human FcR Blocking Reagent  Miltenyi Biotec  

Murine FcR Blocking Reagent  Biolegend 

LIVE/DEAD Fixable Yellow Dead Cell Reagent  Thermo Fisher Scientific  

LIVE/DEAD Fixable Violet Dead Cell Reagent  Thermo Fisher Scientific  
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BrefeldinA Biolegend/Sigma 

Monensin/Golgi stop Biolegend/Sigma 

Rabbit anti-human PAP Cell Signalling  

Mouse anti-human β-actin  Sigma  

Anti-Rabbit IgG HRP-linked Ab  Cell Signalling  

Anti-Mouse IgG HRP-linked Ab  Cell Signalling  

Precision Plus Protein WesternC Standards  Bio Rad  

Precision Protein™ StrepTactin-HRP Conjugate  Bio Rad  

  

2.1.4. Reagent kits 

 PROVIDER  

Dynabeads Untouched mouse CD8+ T cell 
isolation  

Invitrogen  

CytoFix/CytoPerm kit Invitrogen 

PerFix-nc Kit Beckman Coulter 

Murine IFN γ cytokine ELISpot kit  Mabtech  

DAB Peroxidase (HRP) Substrate Kit (with Nickel), 
3,3’-diaminobenzidine  

Vector Laboratories  

OneComp eBeads Compensation Beads  Thermo Fisher Scientific  

Wizard plasmid DNA miniprep  Promega  

RNeasy Mini Kit (250)  QIAGEN  

QIAGEN QIAfilter Plasmid Midi  QIAGEN  

Taq Universal SYBR green supermix BIO-RAD 

  

2.1.5. Cell lines 

 PROVIDER  

TRAMP-C1 ATCC/PROVIDED BY Matteo Belone (Milan University) 

TRAMP-C2 ATCC 

T2 ATCC 

R-MAS Provided by Colin Brooks (University of Newcastle) 

LNCaP ATCC 

HEK-293T  ATCC  

B16/HHDII,DR1  Provided by Scancell  

  

2.1.6. Plasmids  

 PROVIDER  

pBUD CE4.1  Addgene  

pGL4.2/puro  Addgene  

pLKO.1 puro  Addgene  

Lentiviral Envelope and Packaging Plasmids Addgene  

Primers for qPCR Sigma 

  

2.1.7.Enzymes, buffers and gels  

 PROVIDER  

dNTPs Promega  

Oligo dT Promega  

KpnI Promega  

XhoI Promega  

AMV reverse transcriptase  Promega  

T4 DNA ligase  Promega  
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RNAse inhibitor  Promega  

All enzymes were used in combination with the buffers recommended and provided by the 
manufacturer.  

LB AGAR PLATE  FOR 500 ML  

NaCl  5 g  

Tryptone  5 g  

Yeast Extract  2.5 g  

Agar  7.5 g  

ddH2O  Up to 500 mL  

Autoclaved, cooled down to 50°C  

Ampicillin  100 mg  

Kanamycin  50mg  

Zeocin  40mg  

Poured on Petri dishes, left to solidify and stored at 4°C for up to a week.  

LB BROTH  FOR 500 ML  

NaCl  5 g  

Tryptone  5 g  

Yeast Extract  2.5 g  

Autoclaved, cooled down to 50°C  

Ampicillin  50 mg  

Stored at 4°C for up to a week  

TRIS-EDTA (TE) BUFFER  FOR 500 ML  

1 M Tris pH 8  5 mL  

0.5 M EDTA pH 8  1 mL  

ddH2O  Up to 500 mL  

TRIS-Acetate EDTA (TAE) BUFFER  FOR 50x  

1 M Tris base  242g  

Disodium EDTA  18.61g  

Glacial acetic acid  57.1mL  

ddH2O  Up to 1L  

Dilute to 1x using distilled water before use, store at 4°C  

4X SDS-PAGE LOADING BUFFER  FOR 10 ML  

1M Tris-HCl pH 6.8  2.4 mL  

Sodium dodecyl sulfate (SDS)  0.8 g  

Glycerol  4 mL  

DTT  0.5 mL  

Bromophenol blue  4 mg  

ddH2O  3.1 mL  

Aliquots were stored at -80°C.  

5% STACKING GEL  FOR 6 ML  

ddH2O  4.1 mL  

30% Acrylamide mix  1.0 mL  

1.0 M Tris (pH 6.8)  0.75 Ml  

10% SDS  0.06 mL  

10% ammonium persulfate  0.06 mL  

TEMED  0.006 mL  

10% RESOLVING GEL  FOR 20 ML  

H2O  6.6 mL  

30% Acrylamide mix  8.0 mL  

1.5 M Tris (pH 8.8)  5.0 mL  

10% SDS  0.2 mL  

10% ammonium persulfate  0.2 mL  
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TEMED  0.008 mL  

5X SDS RUNNING BUFFER  FOR 1 L  

Glycine  94 g  

Tris base  15.1 g  

10% SDS  50 mL  

ddH2O  Up to 1 L  

5X Running buffer was diluted with ddH2O to 1X working concentration prior use. Running buffer 
was stored at 4°C.  

TRANSFER BUFFER  FOR 2 L  

Glycine  5.8 g  

Tris base  11.6 g  

10% SDS  0.75 g  

Methanol  400 mL  

ddH2O  Up to 2 L  

Transfer buffer was stored at 4°C.  

10 X TRIS-BUFFERED SALINE (10 X TBS)  FOR 1 L  

Trizma base  24.2 g  

NaCl  80 g  

ddH2O  Up to 1 L  

TRIS-BUFFERED SALINE WITH TWEEN (TBST)  FOR 1 L  

10 X TBS  100 mL  

ddH2O  900 mL  

Laemilli buffer  Volume  

10% SDS (w/v) (4% final)  4mL  

Glycerol (20%)  2mL  

1M Tris-HCL (125mM)  1.2mL  

10% 2-mercaptoethanol  1mL  

Distilled water  0.8mL  

Buffers for tissue cultures  

Trypan Blue: White cell counting solution: 0.1% (v/v) solution of Trypan blue in PBS 0.6% (v/v) acetic 
acid in PBS  

Cell sorting media  Concentrations  

EMEM  -  

L-glutamine  1%  

EDTA  3 mM  

HEPES  25 mM  

Benzonase (95%)  3.513888889  

Pen/Strep  2%  

Complete T cell media  Concentrations  

RPMI 1640  -  

FCS  10%  

L-glutamine  1%  

Pen-Strep  2%  

HEPES  1%  

Fungizone  0.005%  

2-mercaptoethanol (to be freshly added)  50mM  

  

2.1.8. Laboratory plastics, glassware and sharps  

 PROVIDER  

Cell culture flasks (T25,T75,T175)  Sarstedt, UK  

Conical flasks (50 ml,100 ml)  Pyrex  

Cryovials  TPP  
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Eppendorf tubes (0.5 ml, 1.5 ml, 2 ml)  Sarstedt, UK  

ELISpot plates  Millipore  

FACS tubes  Tyco healthcare group  

Falcon tubes (50 ml, 15 ml)  Sarstedt, UK  

Filter tips (0.5-10µl, 2-20µl, 20-200µl, 200-
1000µl)  

Greiner bio-one/ Sarstedt  

Flat-bottom culture dishes (6, 24, 96-well)  Sarstedt, UK  

Glass coverslips  SLS  

Glass slides  SLS  

Micro tips (0.5-10µl, 20-200µl, 200-1000µl)  Sarstedt, UK  

Magnetic cell separators Mini MACS  Miltenyi Biotech  

Pasteur pipettes  Sarstedt, UK  

Petri dishes  Sarstedt, UK  

Pipettes (5mL, 10mL, 25mL)  Sarstedt, UK  

Nitrocellulose blotting membrane 0.22µm GILSON scientific  

Scalpels  SLS(Swann Morton)  

Multichannel pipette  Sartorius  

Syringes (10ml,20ml)  Becton Dickenson  

Tefzel tubing  BioRad  

Universal tubes (20ml)  Greiner  

Western blot filter paper  Schleicher-Schuell  

0.45 μm syringe filter  Sartorius  

0.22 μm syringe filter  Sartorius  

40 μm nylon strainer  Greiner  

70 μm nylon strainer  Greiner  

25mm Gauge needle  BD microlance  

 

2.1.9. Equipments 

 PROVIDER  

4°C refrigerators  Lec  

-20°C freezers  Lec  

-80°C freezers  Revco/ Sanyo  

96-well plate reader  Tecan  

Autoclave  Rodwell  

Bacterial cell orbital incubator 37°C  Stuart  

Bacterial cell culture plate incubator 37°C  Genlab  

Viral cell culture incubator 37°C, 5% CO2  IncuSafe  

Tissue culture incubator 37°C, 5% CO2  Sanyo, Binder  

Centrifuges  Sanyo, Eppendorf  

CCD camera - GBOX –western blot/gel imaging 
system  

Syngene  

Class II safety cabinets  Walker  

NucleoCounter® NC-250™ Chemometec 

FACS cell sorter  Beckman Coulter  

Flow cytometer (Gallios) Beckman Coulter  

Haemocytometers  SLS  

Heat blocks  Lab-Line  

Helios Gene gun  BioRad  

Light microscope  Nikon/Olympus  

Microcentrifuge  MSE  

Mo FloTM cell sorter  Beckman Coulter  
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Nanodrop 8000 Spectrophotometer  Thermo scientific  

NanoDrop ND UV-VIS Spectrophotometer 
version 3.2.1  

Thermo scientific  

ELISpot plate reader  Cellular Technology Limited CTL 

pH meters  Metler Toledo  

Pipettes and multichannel pipettes  Gilson, Star Labs, Eppendorf  

Plate rocker  VWR, Stuart  

Mixer/agitator  Intelli-mixer (ELMI)  

Microplate gamma scintillation counter  TopCount (Packard)  

Sonicator  VWR  

Top count scintillation counter  Packard  

Transfer tank  Bio Rad  

Tubing prep station  BioRad  

Ultracentrifuge Optima TLX  Beckman  

Ultrapure water dispenser  Barnstead  

Vacuum filtration unit  Sarstedt  

Vortex  Scientific industries  

Water baths  Clifton  

 

2.1.10.Softwares  

 PROVIDER  

ELISpot CTL software  CTL 

GraphPad Prism 7  Graph Pad software  

Kaluza 1.3 version  Beckman Coulter  

 

 

2.2. Methods 

2.2.1.Preparation of target cell lines 

2.2.1.1.Cell culture 

2.2.1.1.1.Human cell lines 

LNCaP cells were obtained from the American Type Culture Collection (ATCC). These cells were 

grown in RPMI supplemented with 10% fetal calf serum (FCS), 1% L-glutamine, 1% HEPES and 0.20% 

glucose. LNCaP transfected with the HHDII plasmid were grown in 1mg/mL G418 and those 

transduced with the Lentiviral plasmid were grown in 1µg/mL puromycin. 

 

HEK293t cells were obtained from the ATCC. These cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% FCS and 1% L-glutamine. 

 

T2 cells were obtained from the ATCC. These cells were grown in RPMI, supplemented with 10% 

FCS and 1% L-glutamine. 
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2.2.1.1.2.Murine cell lines 

B16F10 HHDII cells were a generous gift from Scancell. This cell line was knocked out for the murine 

MHC class I and II by Sigma using Zinc finger technology and then knocked in for the human DR1 

and a chimeric HHDII (HLA-A0201: human β2M, α1 and α2 but murine α3) by Scancell. These cells 

were grown in RPMI supplemented with 10% FCS, 500µg/ml G418 and 300µg/ml Hygromycin. 

B16-HHDII transduced cells to express the human PAP gene were grown with 1µg/mL puromycin. 

 

TRAMP C1 and Tramp C2 cells were obtained from the ATCC. These cells were grown in DMEM 

supplemented with 5% FCS, Insulin from bovine pancreas (10 mg/ml stock), and 5% Nu-Serum IV 

culture supplement and 3ng/mL 5α-dihydrotestosterone solution (DHT). 

TRAMP-C1 cells were also provided by Matteo Bellone (University of Milan), these cells were grown 

in DMEM with 10% FCS and 1% L-glutamine. 

TRAMP cells transduced with the Lentiviral plasmid were grown in 1µg/mL puromycin. 

 

R-MAS were a generous gift from Colin Brooks (University of Newcastle). These cells were grown in 

RPMI, supplemented with 10% FCS and 1% L-glutamine. 

 

2.2.1.1.3.Thawing, sub culturing and freezing of cell lines 

Cryovials of cells were taken from -80° freezers and thawed quickly in cell culture hood. 20mL of 

room temperature (RT) cell line required media was added to a 50mL Falcon tube, defrosted cells 

were transferred and pelleted by centrifugation at 350g for 5 minutes. Supernatant was discarded, 

pellet was resuspended in media and transferred into a T25 or T75 flask depending on the size of 

the pellet. Cells were incubated at 37°C 5% CO2. 

 

When 70%-90% confluency was reached, cells were sub cultured. 

For suspension cell lines (T2 and R-MAS), cells in culture media were transferred into a 50mL tubes 

and centrifuged at 350g for 5 minutes.  

For adherent cell lines, media was removed, cells were washed with sterile PBS and 1-2mL RT 

Trypsin/Versene was added onto the cells and incubated at 37°C until cells detached from the 

surface. 5-10mL of media was added onto the cells to neutralise the trypsin/Versene and the 

mixture was transferred into a 15 or 50mL Falcon tube and centrifuged at 350g for 5 minutes. 

Following centrifugation, supernatant was discarded and pellet was resuspended in fresh media. 

Cells were either re-seeded or counted for subsequent use. 

Cells to be frozen were resuspended in freezing media (90%FCS + 10% DMSO). Usually, 1/3 of a T75 

flask was resuspended in 1mL of freezing media, transferred into a cryovial and frozen at -80°C. 
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2.2.1.1.4.Cell counting 

Cell line suspensions obtained as detailed in section 2.2.1.1.3 were counted using a 

Haemocytometer for sub culturing purposes. Haemocytometer was wiped with ethanol and a 

coverslip was placed at the centre. 10μL of cell suspensions was added to 90μL of trypan blue to 

obtain a 1:10 dilution. 10µL of the dilution was then added onto the edge of the coverslip and cells 

were counted in the 4 corners with 16 squares under the microscope. 

The number of cells per mL was calculated according to this formula:  

Concentration = (Total number of cells /number of squares counted) x 10 (dilution factor) x 104 

 

Cells obtained from animal tissues (spleens or tumours), from human PBMCs and cell lines for 

further use in assays (ELISpot, flow cytometry-based or cytotoxicity assays) were counted using the 

NucleoCounter to obtain more accurate cell concentrations and viability percentages. 

Cell suspensions were diluted as required to obtain cell concentrations within the range acceptable 

for the NucleoCounter (0.5-5x106 cells/mL). 50µL of the diluted suspension were mixed with 2.5μL 

of Solution 18 and added onto counting slides before insertion into the NucleoCounter for counting. 

The percentage of viability and cell concentration were obtained from automatic calculations by 

the software. 

  

2.2.1.2.Preparation of plasmids: cloning, gel electrophoresis, extraction of DNA from gel, plasmid 

bulk-up, sequencing 

2.2.1.2.1.HumanPAP knock in 

pLenti-puro plasmid was obtained from SIGMA in bacterial glycerol stock. The glycerol stock was 

bulked up in 100mL Laurie Broth media with 100µg/mL ampicillin and incubated overnight at 37°C 

with shaking at 200rpm. The plasmid was isolated using the QIAGEN Plasmid Midi Kit, according to 

manufacturer’s protocol and the concentration was measured on a Nanodrop instrument. 

The human PAP gene was cut out of pBud plasmid using KpnI and XhoI restriction enzymes, it was 

cut inserted into the pLenti-puro plasmid, the plasmid was then bulked up, extracted, run on a gel 

to confirm the size and sent to sequencing to confirm the sequence and the correct orientation of 

the insert. Plasmids were stored immediately at -20°C. 
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Figure 2.1: pLenti-puro/PAP plasmid map 

 

2.2.1.2.2.MurinePAP and humanPAP knock down 

MISSION shRNA plasmids were obtained from SIGMA in Bacterial Glycerol Stock. Two different 

plasmids were used, one to knock down the human PAP gene and one to knock down the murine 

PAP gene. The glycerol stock was bulked up in 100mL Laurie Broth media with 100µg/mL ampicillin 

and incubate overnight at 37°C with shaking at 200rpm. The plasmid was isolated using either the 

QIAGEN Plasmid Midi Kit or the Wizard® Plus SV Minipreps DNA Purification System, according to 

manufacturer’s protocol and the concentration was measured on a Nanodrop instrument. Plasmids 

were stored immediately at -20°C. 
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Figure 2.2: pLKO.1-puro plasmid map 

 

2.2.1.3.Lentiviral transduction 

2.2.1.3.1.Transfection of packaging cells  

HEK293t cells were used as packaging cells to produce viral particles. On day 1, cells were 

transfected at 50-60% confluency using the lipofectamine 3000 kit by mixing 20µL of Lipofectamine 

3000 reagent in 500µL OPTIMEM with 12µL of P3000 reagent in 500µL OPTIMEM and 8µg of 

plasmid of interest, 6µg of packaging plasmid and 2µg of envelope plasmid. After 30 minutes of 

incubation at RT, 1mL of the mix was added per T25 flask.  

 

2.2.1.3.2.Virus Collection  

Media was changed on day 2, fraction 1 was collected on day 3 and fraction 2 on day 4. Both 

fractions were filtered through a 450nm filter and immediately frozen at -20°C in cryovials for future 

use. 
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2.2.1.3.3.Transduction 

Target cells at 70% confluency (LNCaP for the humanPAP knock down; TRAMP-C1 and TRAMP-C2 

for the murinePAP knock down) were transduced by adding the virus-containing fractions to the 

media. The antibiotic for selection of successfully transduced cells, puromycin, was added 24 to 48 

hours later at 1µg/mL. The optimal puromycin concentration was previously determined by 

applying various concentrations and selecting the lowest able to kill 100% of cells within 2 to 4 days. 

 

2.2.1.4.RNA extraction, cDNAs synthesis and RT-PCR 

2.2.1.4.1.RNA extraction 

Total RNA was extracted from 1-5.10^6 cell pellets (stored at -20°C) using the RNeasy mini 

extraction kit, according to manufacturer’s protocol and the concentration was measured on a 

Nanodrop instrument. The RNA was stored immediately at -20°C until cDNA synthesis. 

 

2.2.1.4.2.cDNA synthesis 

Two µg of RNA in nuclease free water (final volume 9µL) and 1µL of oligo dT were heated at 70°C 

for 5 minutes. A mix containing 5µL of RT buffer, 1µL of Reverse Transcriptase enzyme, 0.7µL of 

RNasin, 1µL of dNTP’s and 7.3µL of nuclease free water was then added to the reaction and 

incubated at 40°C for 1 hour. The reaction was heated at 95°C for 5 minutes and frozen immediately 

at -20°C. 

 

2.2.1.4.3.Real-Time PCR 

The RT PCR reaction was performed in a final volume of 13µL by mixing 1µL of cDNA, 6.25µL of Taq 

Universal SYBR green supermix, 0.5µL of forward and reverse primer (10pM) and 4.75µL of nuclease 

free water. The relative expression was measured using the 2-^Ct method with one or two 

housekeeping genes. 

 

Table 2.1: Real-Time PCR conditions 
Cycle Cycle Point 

Hold Hold @ 95°C, 5min 0s 

Cycling (35 repeats) Step 1: Hold @ 95°C, 10s 

Step 2: Hold @ 58°C, 15s 

Step 3: Hold @ 72°C, 20s, acquiring to Cycling A 

Melt Ramp from 58°C to 95°C 

Hold for 90s on the 1st step 

Hold for 5s on next steps,Melt A 
 

Table 2.2: Real-Time PCR primers sequences 

Gene Forward primer Reverse primer 

hHPRT TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 

hPAP GAGAAGGGGGAGTACTTTG CTGTTTGTGGTCATACACTC 

mHPRT TGCTCGAGATGTCATGAAGG TATGTCCCCCGTTGACTGAT 

mGAPDH ACACATTGGGGGTAGGAACA AACTTTGGCATTGTGGAAGG 

mPAP AAAAGCTGGTCATGTATTCC GAGGCAGAACTCCATTATA 
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2.2.1.5.Western Blotting for hPAP 

2.2.1.5.1.Sample preparation 

PAP protein being secreted, the supernatant of cells in culture was used as a sample instead of cell 

lysates. B16-HHDII cells were cultured overnight in a confluent T75 flasks with 3mL of media, 

allowing to just cover the cells to concentrate the protein. 80µL of the supernatant mixed 1:2 with 

2X Laemmli buffer was then loaded per well of 1mm, 5-well comb. 

 

2.2.1.5.2.SDS-page and transfer 

The gel was run at 100V through the 5% stacking gel and at 130V through the 10% resolving gel for 

2 to 3 hours. Proteins were then transferred onto a nitrocellulose membrane for 60 minutes at 

100V by wet transfer. 

 

2.2.1.5.3.Immunoprobing 

Membranes were stained with Ponceau to ensure the transfer of proteins onto the membrane. The 

membrane was blocked with 5% skimmed milk powder in TBST for 1hr at RT under constant 

agitation, washed 5 times for 5 minutes in TBS- 5% tween-20 at RT and then incubated overnight at 

4°C with 1:1000 rabbit anti-humanPAP primary antibody in 5% skimmed milk powder in TBS- 5% 

tween-20. After 5 washes for 5 minutes in TBS- 5% tween-20 at RT, the membrane was incubated 

with 1:1000 secondary anti-rabbit antibody in 5% skimmed milk powder in TBS- 5% tween-20 for 

1hr at RT. After 5 washes for 5 minutes in TBS- 5% tween-20 at RT, the revelation was performed 

using ECL chemi-luminescence kit. 

 

2.2.1.6.Peptide binding assay for T2 and R-MAS cells 

R-MAS or T2 cells were incubated at 26°C overnight to increase the number MHC class-I molecules 

at the surface of cells. 1 million of cells were incubated for 1 hour (R-MAS cells) or overnight (T2 

cells) in 1mL of media containing different concentrations of peptide of interest. Two 9-mer 

peptides were used: ILL for T2 cells (HLA-A2) and ISI for R-MAS (H2-Db). Six concentrations were 

tested: 0; 1; 2; 10; 50 and 100µg/mL. Cells were washed in their respective media, counted and 0.5 

million were stained with 0.5µL of live dead violet and 1µL of FITC anti- H2-Kb-Db antibody or 2.5µL 

of APC anti-HLA-A2 antibody. After washing in PBS and resuspension in Isoton, cells were acquired 

on a Gallios flow cytometer. Results were analysed on Kaluza software. 

 

2.2.1.7.Interferon γ treatment 

Murine cell lines (TRAMP-C1 and TRAMP-C2) at 70% confluency were treated with murine IFNγ 

respectively. Six concentrations were tested: 0; 0.1; 1; 2; 5 and 10 ng/mL. After 24 hours of 
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treatment, cells were harvested, counted and 0.5 million were stained with 0.5µL of live dead violet, 

1µL of FITC anti- H2-Kb-Db antibody and 1µL of PE anti-murine PD-L1 antibody. After washing in PBS 

and resuspension in 300µL Isoton, cells were acquired on a Gallios flow cytometer. Results were 

analysed on Kaluza software. 

 

2.2.2.Optimisation of the vaccination and assessment of the anti-tumour efficacy of the 
vaccine 

Pre-clinical studies were approved by the Home Office under the Animals (Scientific Procedures) 

Act under two Project Licences (PPL): 

1. 40/3563 valid until the 5th December 2016 

2. PB26CF602, granted on the 28th of November 2016 and valid until the 28th of November 

2021. 

 

2.2.2.1.Mouse models: HHDII/DR1 and C57Bl/6 mice 

Humanized HHDII/DR1 males were bred at Nottingham Trent University animal facility in 

accordance with the Home Office Codes of Practice for the Housing and Care of Animals. These 

animals are HLA-A2.1/HLA-DR1- transgenic C57Bl/6 mice. C57Bl/6 mice were purchased from 

Charles River. Both were used between 7 to 18 weeks old at the start of treatment. 

 

2.2.2.2.Peptides, adjuvants: CpG and CAF09; and ImmunoBody DNA vaccine for Immunisation 

2.2.2.2.1.Peptides 

Peptides were purchased from GeneScript (USA), resuspended at 10mg/mL in 100% DMSO and 

stored at -80°C.  

 
Table 2.3: Human and murine PAP42mer peptide sequences 

HHDII/DR1 mice 

Human peptides 
Peptide sequences 

C57Bl/6 mice 

Murine peptides 

 1 YIRSTDVDRTLMSAMTNLAALFPPEGISIWNPRLLWQPIPVH 42 WT 

 1 YIRSTDVDRTLMSLMTNLAALFPPEGISIWNPRLLWQPIPVH 42 1 mutation 

WT 1 YIRSTDVDRTLMSAMTNLAALFPPEGVSIWNPILLWQPIPVH  42 2 mutations 

1 mutation 1 YIRSTDVDRTLMSLMTNLAALFPPEGVSIWNPILLWQPIPVH  42 3 mutations 

 

2.2.2.2.2.Adjuvants 

CpG ODN nucleotide was purchased from Eurofins. CAF09 adjuvant is a liposomal cationic adjuvant 

developed to generate CD8+ T-cell responses and was a generous gift from Dennis Christensen 

(Statens Institut, Copenhagen).  
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2.2.2.2.3.ImmunoBody DNA vaccines 

ImmunoBody DNA vaccines were a generous gift from Lindy Durrant (Scancel, Nottingham). The 

plasmids encoding for the ImmunoBody were bulked up and isolated as described in 2.2.1.2 using 

law salt Laurie Broth media and 40µg/mL of zeocin antibiotic. 

 

ImmunoBody DNA vaccines were administered to mice using DNA bullets. The preparation 

consisted in coating expression vectors encoding the IB-PAP42mer onto 1μm gold particles. 200μl 

of 0.05M spermidine was mixed to 16.6mg of gold microcarriers, then, 36μg of DNA was added to 

this mixture. Following 5 seconds of sonication, 200μl of CaCl2 (1M) were added dropwise to the 

mix. For it to precipitate, the mixture was incubated at RT for 10 minutes. The suspension was then 

washed twice in absolute Ethanol and resuspended in 2ml of PVP solution (0.025mg/ml). After 

sonication, the solution was loaded into the tubing (Tefzel) and allowed to settle for 10min using a 

tubing preparation station (Bio-Rad). Following the removal of ethanol using a syringe, the tube 

was dried using 0.3L/min flowing Nitrogen. Once dried, the tubing was cut using a guillotine. DNA 

bullets were stored at 4°C until use. 

 

2.2.2.3.Immunisation procedures 

For each experiment, mice were immunised 3 times according to the following immunisation 

schedule. 

 

 

Immunisation using peptide and CpG adjuvant were prepared by mixing 50µg CpG and 30µg of 

PAP42mer peptide in a final volume of 100µL of PBS. The solution was administered by 

intramuscular injection at the base of the tail (50µL each side of the base of tail). 

Immunisation using peptide and CAF09 adjuvant were prepared by mixing 100µL of CAF09 and 30µg 

of PAP42mer peptide in a final volume of 200µL of PBS containing 9% sucrose. The solution was 

administered by intraperitoneal injection. 

Immunisation using ImmunoBody DNA vaccines were performed by firing one bullet containing 1µg 

of DNA using a Helios gene gun (Bio-Rad). 

 

2.2.2.4.Tumour implantation 

Cells were harvested as described in section 2.2.1.1.3, counted as described in section 2.2.1.1.4 

using the NucleoCounter for accuracy and prepared in either serum free media or in sterile PBS at 
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the required concentration: 3x106 cells/mL for B16-HHDII-PAP cells and 50x106 cells/mL for TRAMP-

C1 cells. 100µL of the cell suspension was then injected subcutaneously per animal. 

 

2.2.2.5.Processing of tissue samples 

2.2.2.5.1.Isolation of splenocytes 

Spleens from immunized mice were harvested and placed in a tube containing T-cell media. Each 

spleen was placed into a sterile petri dish containing 10ml T-cell media and flushed with another 

10ml of media using a syringe. The cell suspension was centrifuged at 300g for 10min and re-

suspended in 5ml of T-cell media. Cells were then counted using the cell counter NucleoCounter as 

in 2.2.1.1.4. 

 

2.2.2.5.2.Isolation of tumour cells 

Tumours were harvested from animals upon reaching the maximum tumour volume and placed in 

a tube containing T-cell media. In order to obtain single cell suspensions for flow cytometry assays, 

tumours were put in a petri dish containing 10mL of T-cell media (50μg/mL of DNase I and 0.1u/mL 

of collagenase IV) and cut into small pieces using scalpels. The tissue mixture was transferred into 

a 50mL Falcon tube and setup to gently swirl for 30 minutes (B16 tumours) or 1-2hrs (TRAMP-C1 

tumours) at 37°C to help cell dissociation. The mixture was then mashed using the back of a 10mL 

syringe against a 70μm cell strainer. Another 10mL of T-cell media was used to rinse the cell strainer. 

The 20mL mixture was then centrifuged at 400g for 5 minutes and resuspended in 2mL (B16 

tumours) or 5mL (TRAMP-C1 tumours). 100-200μL of cell suspension was taken into a FACS tube 

and washed with 2mL of PBS at 400g for 5 minutes before staining with antibodies. 

 

2.2.2.6.IFNg ELISPOT assays 

The number of IFNγ releasing PAP-specific T-cells was measured using a murine IFNγ Elispot assay. 

96-well filtration plates were activated by adding 50μl/well of 70% Ethanol and washed 5 times 

with deionised H2O at 200μl/well. Plates were then coated with 50μl of coating antibody (AN18) 

diluted 1:1000 in sterile PBS and incubated overnight at 4°C. The following day, plates were washed 

4 times with sterile PBS and incubated with 100μL/well of T-cell media for 30 minutes at 37°C. After 

removal of the T-cell media, 0.5x10^6 splenocytes/well were plated in a final volume of 100μL/well. 

Cells were stimulated with MHC class-I and class-II peptides (see tables 3.2 and 3.3) at 1μg/mL and 

10μg/mL respectively in 100μL/well so that the final volume in each well was 200μL/well. Cells with 

T-cell media alone were used as a negative control. After 48hours of incubation at 37°C, plates were 

washed 5 times with 200μL/well of PBS+0.05% Tween20. 50μL/well of the biotinylated-detection-

antibody (R4-6A2) diluted 1:100 in PBS was added for 2 hours at RT followed by 5 washes again. 

Then, 50μL/well of streptavidin-AP (AP-conjugate substrate system) diluted 1:100 in PBS was added 
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for 1hour and 30 minutes at RT. Finally, plates were washed 6 times and the development solution, 

prepared according to manufacturer’s instruction, was added followed by a 10 to 30 minutes 

incubation in the dark. Once the spots were visible, the reaction was stopped by washing the plates 

under running tap water. Plates were left to dry overnight. The number of spots were quantified 

using an Elispot plate reader.  

 

2.2.2.7.Immunophenotyping of splenocytes and TILs 

Multi-color flow cytometry was used to assess the expression of activation and exhaustion markers 

on the surface of T-cells as well as for assessing the presence memory T-cells. 

1x106 of fresh splenocytes were washed in 2mL PBS by centrifugation at 400g for 5 minutes and 

incubated for 10-15 minutes with 1µL of anti-CD16/CD32 antibody to block their FcR (1µg/tube) for 

15 minutes at 4°C. Cells were then incubated with surface antibodies for 30 minutes at 4° in the 

dark, washed in 2mL PBS by centrifugation at 400g for 5 minutes and resuspended in 300µL isoton. 

Cells were finally acquired on a Gallios flow cytometer and results were analysed on Kaluza software. 

 
Table 2.4: List of flow cytometry antibodies for exhaustion and memory panel 

 Common Memory panel Exhaustion panel 

 Antibody 
Quantity µg 
/ Volume µl 

Antibody 
Quantity µg / 

Volume µl 
Antibody 

Quantity µg / 
Volume µl 

FITC FL1 

 

CD62L  0.25µg / 0.5µL GITR (CD357) 1µg / 2µL 

PE FL2 

 

OX-40 (CD134) 0.25µg/1.25µL 

PE-efluor610 FL3 CTLA-4 (CD152) 0.5µg/2.5µL 

PerCp-Cy5.5 FL4 LAG-3 (CD223) 0.5µg/2.5µL 

PE-Cy7 FL5 Tim-3 (CD366) 0.5µg/2.5µL 

APC FL6 CD44 0.25µg/1.25µL PD-1 0.5µg / 2.5µL 

Alexa-fluor700 
FL7 

CD4 
0.25µg/0.5µL 

  APC-Cy7 FL8 CD8 0.5µg/2.5µL 

BV421 FL9 CD45 0.2µg/1µL 

FL10 Live dead 0.5µL 

 

Intracellular flow cytometry was used to assess the peptide-specific cytokine release, proliferation 

and degranulation of T-cells by performing Intracellular Cytokine staining (ICS). 1x10^6 fresh 

splenocytes/well were seeded in 100µl in a 96-wel plate. Three wells/mice were prepared, one 

containing 100µl of media (negative control), one containing 100µl of class-I peptide (1µg/ml final 

concentration) in T-cell media and one containing 100µL of class-I peptide (1µg/ml) and class-I 

peptide (10µg/ml) in T-cell media. Cells were incubated with anti-CD28 and anti-CD49d antibodies 

(1µg/mL) for co-stimulation, for 1 hour at 37°C. Brefeldin A (5µg/ml) and monensin (2µM) were 

added to stop the Golgi transport and cells were left at 37°C for a further 5 hours. The plate was 

then kept at 4°C overnight until staining the following day. Splenocytes were transferred into FACS 

tubes, washed with 3mL of PBS and resuspended in 50µL FCS. The Fc Receptor was further blocked 
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using 1µL of anti-CD16/CD32 antibody (1µg/tube) for 15 minutes at 4°C. Surface antibodies were 

added and incubated for 15 to 30 minutes at 4°C in the dark. 

The PerFix-nc Kit (no centrifuge assay kit) was used to fix and permeabilize cells. Cells were fixed 

with 25µL of fixative agent R1 for 15minutes at 4°C in the dark and permeabilized with 300µl of 

permeabilizing reagent R2. Intracellular antibodies were added and incubated for 15 to 30 minutes 

at 4°C in the dark. 

Cells were washed with 3mL of 1X R3, re-suspend in 250-300µl of 1X R3 and acquired on a Gallios 

flow cytometer. Results were analysed on Kaluza software. 

The protocol was provided by our collaborator Dennis Christensen (Statens Institut, Copenhagen) 

who had showed that overnight incubation of splenocytes did not affect the cytokine expression. 

 
Table 2.5: List of flow cytometry antibodies for ICS staining 

 Antibody Fluorochrome/FL Quantity µg / Volume µl 

Surface Abs 

CD107a FITC FL1 1.5µg / 3µl 

CD4 Alexa-fluor700 FL7 0.25µg / 0.5µl 

CD8 APC-Cy7 FL8 0.5µg / 2.5µl 

CD45 BV421 FL9 0.2µg / 1µl 

Live dead FL10 0.5µl 

Intra-cellular 
Abs 

TNF-a PE FL2 0.25µg / 1.25µL 

Ki67 PE-efluor610 FL3 0.125µg / 0.3µl 

IL-2 PerCp-Cy5.5 FL4 0.6µg / 3µl 

IFNg PE-Cy7 FL5 0.6µg / 3µl 

Granzyme B APC FL6 0.5µg / 2.5µl 

 

2.2.2.8.In vitro stimulation and killing assays 

2.2.2.8.1.Generation of LPs-blast 

Splenocytes were stimulated in vitro for 6 days to then assess their capacity to kill relevant target 

cells. LPS-blast were generated to be used as APCs to re-stimulate vaccine-specific T-cells in vitro. 

Spleens from naive mice were treated with LPS (25µg/mL) and Dextran sulphate (7µg/mL) for 48 

hours at 37°C. Splenocytes were then washed, treated with mitomycin C (1µg/1x106 splenocytes) 

for 20 minutes at 37°C, washed in T-cell media 4 times and then incubated for 1hr 15 minutes at 

37°C with a cocktail of class I peptides at 1 μg/ml (ILL for HHDII/DR1 mice experiments and ISI and 

SIW for C57Bl/6 mice experiments). Cells were washed, counted and diluted in T-cell media for 

future use. 

 

2.2.2.8.2.In vitro stimulation of splenocytes 

30x10^6 splenocytes from each immunised mouse was seeded in T-cell media into 24 well plates 

at a concentration of 5x106/2mL (6 wells/mice). Cells were grown 6 days at 37°C in media containing 

50U/mL of mIL-2, 2mM of β-mercaptoethanol and LPS-blasts at a 1:10 ratio (1 LPS-blast for 10 

splenocytes from immunised mice). 
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2.2.2.8.3.51Cr killing assays 

Stimulated splenocytes were harvested, counted and seeded in 100µL in 96-well plate (round-

bottom) according to the effector:target ratio. Four different effector:target ratios were used: 

100:1 (500,000:5,000), 50:1 (250,000:5,000), 25:1 (125,000:5,000), 12.5:1 (62,500:5,000).  Target 

cells were harvested, counted and 2x106 cells were labelled with 1.85 MBq of 51Cr. Cells were 

incubated for 1hr at 37°C in a water bath followed by 4 washes with specific-cell lines media. For R-

MAS and T2 cells, cells were incubated for 1hr at 37°C with class I peptides at 1 μg/ml (ILL for 

HHDII/DR1 mice experiments and ISI or SIW for C57Bl/6 mice experiments). Cells were then washed 

1 more time, counted, diluted in specific-cell lines media and seeded at 5x103 cells/well in 100µL 

into the 96-well plates containing effector cells. Following 4 hours of incubation at 37°C, 50µL of 

the supernatant of each well was transferred to Luma plates. Plates were left to dry overnight and 

were read on the Top Count machine. Target cells alone with media were used as negative control 

(spontaneous release) and target cells with media and 10µL of 10% SDS were used as positive 

control (maximum release). Cytotoxicity was calculated according to the following formula: 

 

 (Experimental release – spontaneous release)   x 100 =   % of Cytotoxicity 
   (Maximum release – spontaneous release) 
 

2.2.2.8.4.Negative selection of CD8+ T-cells 

CD8+ T-cells were isolated from total splenocytes following 6 days of in vitro stimulation with 

class-I epitopes using the Dynabeads Untouched mouse CD8+ T cell isolation. Manufacturer’s 

protocol was followed. 

 

2.2.2.8.5.Flow-cytometry-based cytotoxicity assay 

Target cells (LNCaP cell line) were harvested as described in 2.2.1.1.3 and 1x106 cells was labelled 

with PK26 fluorescent dye. Manufacturer’s protocol was followed. Briefly, cells were washed in 

serum-free media at 350g for 5 minutes and supernatant was discarded in order to leave no more 

than 25µL of residual media on the pellet. Cells were resuspended gently with the diluent C 

provided, by pipetting several times to ensure single cell suspension. A 2X working solution of 

PKH26 dye (4µM) in diluent C was prepared by mixing 0.8µL of the 1mM stock solution of PK26 dye 

with 200µL of diluent C. The 200µL cell solution was then added rapidly to the 2X working dye 

solution to obtain a 2µM final concentration and mixed by pipetting several times. Cells were 

incubated with the dye for 2-5 minutes and the reaction was stopped by adding an equal volume 

(400µL) of FCS. Cells were centrifuged at 350g for 5 minutes and then washed three times with 

complete media. Cell were then counted using the NucleoCounter as in 2.2.1.1.4. 
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Labelled-target cells and splenocytes were seeded in FACS tubes according to the effector:target 

ratio and co-incubated for 3 hours. Three different effector:target ratios were used: 20:1 

(400,000:20,000), 10:1 (200,000:20,000), 5:1 (10,000:20,000). 

At the end of the incubation, cells were washed in PBS and stained with 1µL per tube of LIVE/DEAD 

Fixable Yellow Dead Cell Reagent (in 100µLof PBS) for 20-30 minutes in the dark. Cells were then 

topped up with 300µL of Isoton and acquired on a Gallios flow cytometer. Results were analysed 

on Kaluza software. 

Target cells alone were used to determine the spontaneous percentage of dead target cells. 

Cytotoxicity was calculated according to the following formula: 

 
 (% dead target cells - % spontaneous dead target cells) x 100 =   % of Cytotoxicity 
   (100 - % spontaneous dead target cells) 
 

 

2.2.3.PBMC work 

Ethical approval for using Human clinical material: 

1. Ethical approval for the collection of peripheral blood and the analysis of peripheral blood 

mononuclear cells (PBMCs) from prostate cancer patients was provided under EoSRES ref 

no: 14/ES/1014 

Whole blood sample from patients with prostate cancer were taken and provided by Dr Masood 

Khan (Leicester Hospital). 

2. Ethical approval for the collection of peripheral blood and the analysis of peripheral blood 

mononuclear cells (PBMCs) from healthy donors has been provided under application 

number 435 

 

2.2.3.1.Isolation of PBMCs 

PBMCs were isolated from whole blood using Leucosep tubes. Firstly, 15mL of Lymphocyte 

Separation Medium (LSM) was added per leucosep tube and a quick centrifugation was performed 

to pass the LSM through the membrane. 30mL of blood diluted in PBS at a 1:1 ratio was then added 

to the leucosep tubes and centrifuged at 800g for 20 minutes at RT with brakes off. The layer of 

PBMCs was then collected by pouring the cell suspension into a Falcon tube. The tube was topped 

up with PBS up to 50mL and centrifuged at RT at 800g for 10 minutes. This washing step was 

repeated one more time, the pellet was resuspended in 2mL of FCS and cells were counted with 

the NucleoCounter as described in 2.2.1.1.4. 

PBMCs were tested for HLA-A2 expression using an APC-conjugated antibody. 
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2.2.3.2.Freezing of PBMCs 

PBMCs were frozen as described in 2.2.1.1.3 at 10X106 cells/mL. Cells were firstly frozen at -80°C 

for at least 24hrs and then transferred to a liquid nitrogen tank for long-term preservation. 

 

2.2.3.3.Expansion protocol 

Cryopreserved PBMCs were thawed out in a prewarmed CTL thaw solution (RPMI with 10% CTL 

thaw solution and 0.02% benzonase) and then centrifuged at 400g for 10 minutes. The PBMCs were 

resuspended in 10mL TexMACS media and incubated 37°C, 5% CO2 for 2hrs. The cells were then 

centrifuged at 300g for 10 minutes and counted using the NucleoCounter as described in 2.2.1.1.4. 

PBMCs were prepared at 2x106 cells/ml in TexMACS media and 2x106 cells were seeded per well in 

a 24-well plate (number of wells per patient depended on the number of PBMCs recovered). 

PBMCs of each patient were stimulated with 3 different conditions: 1) hPAP42mer mutated peptide, 

2) ILL 9mer peptide and 3) a mix of EBV, CMV and FLuA class-I peptides. The peptides mixes were 

prepared in TexMACS media: ILL peptide at 1µg/ml, hPAP42mer mutated peptide at 10µg/ml and 

CMV/EBV/FluA cocktail at 2µg/ml for each peptide. PBMCs were then incubated at 37°C, 5% CO2. 

Following four days of culture, IL-2 and IL-15 were added to each well at 10IU/ml and 10ng/ml 

respectively. One further mL of TEXMACS media was added per well and PBMCs were incubated 

for a further six days at 37°C, 5% CO2. 

On Day 10, PBMCs were transferred into Falcon tubes, each well was gently rinsed with pre-warmed 

TexMACS media and the cell suspension was centrifuged at 300g for 10 minutes. PBMCs were 

resuspended in TexMACS media with 10IU/mL of IL-2, re-seeded in the 24-well plate an incubated 

for a further 2 days. 

On day 12, cells were washed as described above, counted with the NucleoCounter and used as 

required for Dextramer staining and cytotoxicity assays. 

 

2.2.3.4.Dextramer staining 

1x106 cells were transferred into FACS tubes and washed with PBS by centrifugation at 400g for 5 

minutes. Cells were then resuspended in 90µL PBS and 10µL FcR blocking agent was added for 10 

minutes at 4°C in the dark. 10μl of control dextramer, ILL dextramer or CMV dextramer was added 

to the appropriate tubes and incubated for 10 minutes at 4°C in the dark. CD8, CD3 and CD19 

antibodies were added to each tube and incubated for 30 minutes at 4°C in the dark. Cells were 

then washed in PBS by centrifugation at 400g for 5 minutes, resuspended in 300μl isoton and 

acquired on a Gallios flow cytometer. Results were analysed on Kaluza software. 

 
Table 2.6: List of flow cytometry antibodies for dextramer staining 

Antibody Provider Volume (µL) 

Dextramers Immudex 10 

CD8 APC/Fire750 Biolegend 2.5 
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CD3 PE/Dazzle594 Biolegend 2.5 

CD19 Brilliant violet 421 Biolegend 2.5 

Live dead yellow Invitrogen 0.5 

 

2.2.3.5.Cytotoxicity assays 

Cytotoxicity assays were performed as described section 2.2.2.8.5 using PBMCs instead of 

splenocytes. Two different effector:target ratio were used: 5:1 (350,000:70,000) and 1:1 

(70,000:70,000). 

 

2.2.4.Statistical analysis 

Statistical analysis for all experiments were performed using GraphPad Prism 7 software. p-values 

were calculated using either Student’s t-test with two-tailed distribution or Two-way/one-way 

ANOVA as stated. Values of p < 0.05 were considered to be statistically significant. 
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Chapter 3: Optimisation of the vaccination strategy to enhance the 
immunogenicity of the PAP42mer vaccine 

3.1.  Introduction 

The main challenge when developing therapeutic cancer vaccines is choosing the right antigen. PAP 

protein as an appropriate target antigen when developing a therapeutic vaccine against PCa was 

discussed in the introduction. In brief, PAP expression is mainly restricted to the prostate, with 

some expression in other tissues, but at a much lesser magnitude than its expression within 

prostate tissues (Graddis, et al. 2011). The secretory form of PAP is overexpressed during PCa (Kong 

and Byun 2013). Finally, the strongest argument for using PAP as a target for the development of a 

vaccine against PCa is the FDA-approval of Sipuleucel-T in 2010 for the treatment of mCRPC patients. 

It confirmed the pertinence and safety of targeting PAP for the treatment of PCa. 

Besides the choice of the antigen being crucial when developing a vaccine, the choice of the delivery 

system used also is, as it affects its capacity to generate an effective immune response. The 

different types of vaccine delivery systems can be divided into 4 categories: tumour cell vaccines, 

DC vaccines, protein/peptide-based cancer vaccines and DNA/RNA-based vaccines (Guo, et al. 

2013). This study focuses strictly on peptide-based cancer vaccines and DNA vaccines. Regarding 

peptide-based vaccines, the other parameter to consider, other than the choice of the target, is the 

choice of the immunostimulatory adjuvant. This study focuses on two adjuvants that induce an 

innate immune response by stimulating APCs: CpG and CAF09, a poly I:C like synthetic molecule. 

Although no peptide-based vaccine for the treatment of cancer has yet shown sufficient efficacy to 

be FDA-approved, many phase I and II clinical trials are ongoing in many different type of cancers, 

including PCa, using either short TAA-derived peptides or synthetic long peptides (Bezu, et al. 2018).  

 

CpG Synthetic oligonucleotides (ODN) target TLR9 (Toll like receptor 9), which are expressed by 

plasmacytoid DCs and B cells (Scheiermann, et al. 2014). The resulting innate immune response is 

characterised by the production of Th1 and pro-inflammatory cytokines. Numerous clinical trials 

have evaluated the use of CpG ODN as a vaccine adjuvant and showed that it could improve antigen 

presentation and generate vaccine-specific cellular responses. 

CAF09 is a poly I:C like synthetic molecule that binds to TLR-3 receptors expressed by myeloid DCs 

and macrophages. Its binding induces the production of pro-inflammatory cytokines and 

chemokines (Korsholm, et al. 2014). CAF09 has been used in preclinical studies and is now 

undergoing phase I clinical with a Bcl-Xl peptide for the treatment of PCa patients with lymph node 

metastases (NCT03412786). 

 

DNA vaccines have also confirmed their efficacy in cancer. Indeed, evaluation of a DNA vaccine 

targeting PAP has been discussed in section 1.4.2.2. 
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The DNA vaccine assessed in this study, ImmunoBody®, has two mechanisms of action: direct 

presentation by transfection of APCs and cross-presentation by uptake via the Fc Receptor 

(Metheringham, et al. 2009). The SCIB1 cancer vaccine uses the ImmunoBody® technology to target 

two antigens (TRP2 and gp100) and has been assessed in a phase I/II clinical trial for the treatment 

of melanoma (Patel, et al. 2018). The study showed that the DNA vaccine was well tolerated and 

induced T-cell responses in patients. 

 

Previously published data have demonstrated that a 15 amino-acid sequence, PAP 114-128 HLA-

DR1 peptide, containing the PAP115-123 HLA-A2 peptide, could elicit peptide-specific T cell 

responses after immunisation into transgenic HHDII/DR1 humanised mice. Higher avidity T cell 

responses in C57Bl/6 and HHDII/DR1 mice were generated by incorporating this sequence into the 

backbone of the ImmunoBody® DNA vaccine. Moreover, the DNA vaccine could produce an anti-

tumour response against pre-established TRAMP C1 murine prostate cancer cell-derived tumours 

(Saif, et al. 2014). 

The elongation of this 15mer peptide to a 42 amino acids sequence and the introduction of a point 

mutation increased the number of potential class-I and II epitopes and the immunogenicity of the 

peptide, rendering it foreign in order to break tolerance against PAP. The improved predicted 

peptide-MHC binding score towards several epitopes is shown Table 3.2.  

 

The aim of this chapter is to evaluate the immunogenicity of the wild-type vs mutated PAP42mer 

vaccine and the effect of the different adjuvants (CpG, CAF09 and ImmunoBody®). This was 

assessed in two mouse models. It is important to point that the sequence of the PAP42mer peptide 

is different between human and mouse, in that there are two amino acids that differ between the 

2 sequences, as shown in Table 3.1. 

 

The C57Bl/6 model allowed to determine if the vaccine was sufficiently immunogenic to induce an 

effective immune response against PAP and therefore to break tolerance against PAP protein, as 

this self-antigen is expressed in normal prostate tissue. The HHDII/DR1 humanized model allowed 

the evaluation of the vaccine in an HLA-A2/ DLA-DR1 context, which is relevant and translatable to 

the human setting. Firstly, the vaccine approach was optimised by incorporating mutations in the 

PAP42mer sequence and assessing the effect of these mutations on the immunogenicity of the 

vaccine. The PAP-specific immune response elicited after vaccinating the animals with the mutated 

peptides or their WT counterpart was compared. Secondly, the PAP-specific immune response 

elicited when using the selected sequence in combination with different delivery systems: two 

peptide-based vaccines and a DNA-based vaccine (ImmunoBody®) was also assessed. 

These results permitted us to select the vaccine strategy capable of inducing the most effective 
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immune response against PAP and to assess its potential as a PCa therapeutic vaccine. 

 

 

 

3.2. Results 

3.2.1. Effect of introducing mutations in the human and murine PAP42mer peptide sequences 
on the immunogenicity of peptide-based vaccines 

The first approach to increase the immunogenicity of the vaccine was to introduce at least one 

mutation in the 42 amino acids sequence. 

 

3.2.1.1.Human PAP42mer sequences and epitope repertoire 

The immunogenicity of both the WT and the mutated humanPAP42mer peptides were assessed 

using CpG adjuvant by vaccinating HHDII/DR1 mice, as described in 2.2.2.3. Seven days after the 

last immunisation, spleens of the animals were harvested to isolate the splenocytes and assess their 

ability to specifically recognize human PAP-derived peptides based on the IFNγ ELISpot assay. The 

HLA-A2 class-I and HLA-DR1 class-II peptides assessed, as determined by the SYFPEITHI 

algorithm/website, are listed in Table 3.2, along with their binding score. The amino acid affected 

by the mutation is presented in red. Only wild-type peptides were used in the in vitro experiments 

performed. 

 

 

 

 

 

Table 3.1: List of human and murine, WT and mutated PAP42mer peptides 

HHDII/DR1 mice 

Human peptides 
Peptide sequences 

C57Bl/6 mice 

Murine peptides 

 1 YIRSTDVDRTLMSAMTNLAALFPPEGISIWNPRLLWQPIPVH 42 WT 

 1 YIRSTDVDRTLMSLMTNLAALFPPEGISIWNPRLLWQPIPVH 42  

WT 1 YIRSTDVDRTLMSAMTNLAALFPPEGVSIWNPILLWQPIPVH  42 2 mutations 

1 mutation 1 YIRSTDVDRTLMSLMTNLAALFPPEGVSIWNPILLWQPIPVH  42 3 mutations 

Table 3.2: List of HLA-A2 class-I and HLA-DR1 class-II peptides derived from the hPAP42mer sequence 

HHDII/DR1 

mice 
Sequence Haplotype Length 

SYFPEITHI score 

hPAP42mer WT 

SYFPEITHI score 

hPAP42mer mut 

Class-I 

peptides 

SAMTNLAAL 
HLA-A*02:01 

9mer 24 30 

ILLWQPIPV 9mer 24 24 

ALFPPEGVSI HLA-A*0201/A*03 10mer 27/25 27/25 

Class-II 

peptides 

LAALFPPEGVSIWNP 

HLA-DRB1*0101 

15mer 25 25 

MSAMTNLAALFPPEG 15mer 33 33 

PEGVSIWNPILLWQP 15mer 25 25 

VSIWNPILLWQPIPV 15mer 25 25 

DRTLMSAMTNLAALF 15mer 22 30 
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Immunisation with the WT hPAP42mer peptide induced IFNγ-secreting T-cells following stimulation 

with all hPAP-derived peptides, except for SAM 9mer and MSA 15mer (figure 3.1 A). The ILL 9mer 

class-I peptide and VSI 15mer and DRT 15mer class-II peptides induced the highest number of IFNγ-

secreting T-cells. Immunisation with the mutated form of the hPAP42mer peptide increased the 

number of IFNγ-secreting T-cells following stimulation with all 8 PAP-derived peptides tested, 

although not all increases were of statistical significance. Stimulation with the ILL 9mer elicited a 

statistically significant increase in IFNγ-secreting and was shown to be the strongest class-I epitope, 

regardless of the PAP42mer peptide used for the immunisation, despite not having the highest HLA-

A2 binding score. Indeed, this epitope was previously identified as an HLA-A2.1-restricted epitope 

for which specific CD8+ T-cells were present in PBMCs from PCa patients and from healthy blood 

donors (Olson, et al. 2010). VSI 15mer, DRT 15mer and PEG 15mer were the 3 class-II epitopes 

shown to induce the highest number of IFNγ-secreting T-cells, regardless of the PAP42mer peptide 

used for the immunisation. 

 

The functional avidity of the TCR is defined by the T-cell responsiveness to a peptide and depends, 

in part, on its affinity for a peptide. T-cells having a high functional avidity are able to respond to 

low quantities of peptides (Viganò, et al. 2012) and are essential for establishing an effective anti-

tumour immune response (Durrant, et al. 2010). Moreover, there is a direct link between the 

binding affinity and the immunogenicity of a potential cytotoxic T-cell epitope (Sette, et al. 1994). 

Following the identification of ILL 9mer peptide as the strongest class-I epitope, the functional 

avidity of T-cells for the ILL 9mer class-I epitope was assessed. For this, an IFNγ ELISpot assay was 

performed using decreasing concentrations of the ILL 9mer peptide to stimulate the splenocytes. 

The vaccination strategy using the mutated peptide was able to induce ILL-specific T-cells with 

higher functional avidity than when immunising using the WT peptide (Figure 3.1 B). Indeed, the 

half maximal effective concentration (EC50) of ILL peptide was 10 times lower: WT= 0.01267µg/ml 

and Mut = 0.00105µg/ml (Figure 3.1 B bottom). Moreover, a concentration 1000 times lower of ILL 

9mer peptide than the 1µg/mL usually used (0.001µg/mL) was able to induce the same number of 

ILL-specific IFNγ-releasing T-cells (Figure 3.1 B top). 
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Figure 3.1: Assessment of the hPAP 42mer WT or mutated peptides with CpG adjuvant vaccination on the 
overall response against several hPAP-derived class I and class II epitopes and on the avidity to ILL class-I 
epitope. HHDII/DR1 mice were immunised on days 1, 15 and 29 with either hPAP 42mer WT or mutated 
peptide with CpG adjuvant. Seven days after the last immunisation, splenocytes were isolated from spleens 
and an in vitro IFNγ ELISpot assay was performed. Splenocytes were stimulated with (A) hPAP-derived class I 
and class II peptides or (B) decreasing concentrations of ILL 9mer peptide, for 48 hours at 37°C. Immunisation 
with the mutated hPAP42mer peptide induced higher numbers of peptide-specific IFNγ releasing T-cells and 
induced T-cells with a higher functional avidity for ILL 9mer peptide than immunisation with the WT 
hPAP42mer peptide. Bars represent the mean number of spots and the error bars represent the SD. Sigmoidal 
curve representing the functional avidity of ILL 9mer peptide (B, bottom). Two independent experiments 
performed (n= 6-7 mice per test group). A significant difference in the induction of peptide-specific IFNγ 
releasing T-cells between immunisation groups was determined using a two-way ANOVA comparison test. 
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3.2.1.2.Murine PAP42mer sequences and epitope repertoire 

The immunogenicities of the WT and 2 different mutated murine PAP42mer peptides in 

combination with the CAF09 adjuvant were assessed by vaccinating C57Bl/6 mice using a similar 

approach to that used for the HHDII/DR1 model. The CAF09 adjuvant was selected following a brief 

pilot study demonstrating that CpG adjuvant was too weak to observe differences between the 

different mPAP42er peptides to be assessed. The 2 mutated peptides consist of the WT hPAP42mer 

peptide and the mutated hPAP42mer peptide, which contain 2 and 3 mutations, respectively, in 

comparison to the WT mPAP42mer sequence. In this model, the ability of splenocytes to specifically 

recognize murine PAP-derived peptides was assessed using IFNγ ELISpot assay. The H2-Kb and H2-

Db class-I and H2-IAb class-II epitopes assessed, determined by the SYFPEITHI algorithm/website, 

are listed in Table 3.3, along with their binding score.  

 

Table 3.3: List of H2-Kb and H2-Db class-I and H2-IAb class-II peptides derived from the mPAP42mer sequence 

C57Bl/6 

mice 
Sequence Haplotype Length 

SYFPEITHI score 

mPAP42mer WT 

SYFPEITHI score 

mPAP42mer 2 

mutations 

SYFPEITHI score 

mPAP42mer 3 

mutations 

Class-I 

peptides 

SAMTNLAAL H2-Db 9mer 28 28 26 

SIWNPRLL H2-Kb 8mer 13 13 13 

GISIWNPRL H2-Db 9mer 10 8 8 

ISIWNPRLL H2-Db 9mer 25 26 26 

Class-II 

peptides 

ISIWNPRLLWQPIPV H2-IAb 15mer N/A N/A N/A 

PEGISIWNPRLLWQP H2-IAb 15mer N/A N/A N/A 

 

Immunisation with the WT mPAP42mer peptide did not induce IFNγ-releasing T-cells following 

stimulation with the mPAP-derived peptides. However, immunisation with either the 2 or the 3 

mutations mPAP42mer peptides was able to induce IFNγ-releasing T-cells following stimulation 

with all 3 class-I (ISI 9mer, GIS 9mer and SIW 8mer) and 2 class-II (ISI 15mer and PEG 15mer) 

epitopes (figure 3.2 A). The ISI9mer peptide has previously been reported as being an immunogenic 

H2-Db epitope, inducing lysis of peptide-pulsed RMA-S cells (Spies, et al. 2012). There was no 

significant difference between the 2 or the 3 mutations mPAP42mer peptides. Although exhibiting 

the highest binding score (28), the SAM 9mer peptide did not induce IFNγ-releasing T-cells, neither 

did the MSAM 15mer (data not shown). 

 

On the basis of these results and due to its high binding score (25) ISI 9mer was further assessed. 

The functional avidity of T-cells towards this epitope was compared following vaccination of 

C57Bl/6 mice with each of the three murine PAP42mer peptides and CAF09 adjuvant. For this assay, 

mice were pooled per group due to practical reasons. Immunisation using both the 2 and the 3 

mutations peptides induced T-cells having a higher avidity towards the two peptides. Indeed, 

immunising mice with both the 2 and 3 mutations peptides induced a high number of ISI-specific 
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IFNγ-releasing T-cells following in vitro stimulation with low peptide concentrations, in comparison 

to immunising mice with the WT peptide (Figure 3.2 B). In the group of mice immunised with the 

mutated peptides, a concentration 1000 times lower of ISI 9mer peptide than the 1µg/mL usually 

used (0.001µg/mL) was able to induce the same number of ISI-specific IFNγ-releasing T-cells. ISI was 

shown to generate high avidity T-cells. 
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Figure 3.2: Assessment of the mPAP 42mer WT or mutated peptides with CAF09 adjuvant vaccination on 
the overall response against several mPAP-derived class I and class II epitopes and on the avidity to ISI 
class-I epitope. C57Bl/6 mice were immunised on days 1, 15 and 29 with either mPAP 42mer WT, 1 mutation 
or 2 mutations peptides with CAF09 adjuvant. Seven days after the last immunisation, splenocytes were 
isolated from spleens and an in vitro IFNγ ELISpot assay was performed. Splenocytes were stimulated with (A) 
mPAP-derived class I and class II peptides or (B) decreasing concentrations of ISI 9mer peptide, for 48 hours 
at 37°C to measure the immune response induced. Immunisation with both 2 mutations and 3 mutations 
mPAP42mer peptides induced high numbers of peptide-specific IFNγ releasing T-cells and higher avidity T-
cells while immunisation with the WT mPAP42mer peptide did not induce any. Bars represent the mean 
number of spots and the error bars represent the SD. Sigmoidal curve representing the functional avidity of 
ISI class-I epitope (B bottom). Two to three independent experiments performed (n= 6 to 9 mice per test 
group). A significant difference in the induction of peptide-specific IFN-secreting T-cells between 
immunisation groups was determined using a two-way ANOVA comparison test. 
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3.2.2.Effect of different adjuvants and delivery system on the immunogenicity of the 
PAP42mer vaccine: peptide + CpG versus peptide + CAF09 versus the ImmunoBody®-PAP 
DNA vaccine 

Following the determination of the most immunogenic PAP42mer peptide in both mouse models, 

the second approach to enhance the immunogenicity of the vaccine was by using different delivery 

systems. As described in the introduction of this chapter, 3 different vaccines were compared in 

each mouse model: two peptides + adjuvant-based vaccines and one DNA vaccine. 

 

3.2.2.1.HHDII/DR1 model 

3.2.2.1.1.Effect on the overall response against class-I and class-II epitopes 

The human PAP42mer mutated peptide was shown to be more immunogenic than its WT 

counterpart (Figure 3.1). These results were obtained using the CpG adjuvant. A new adjuvant was 

assessed, CAF09, and a DNA vaccine, the ImmunoBody®. The DNA sequence coding for the human 

mutated PAP 42mer peptide sequence was inserted into the Complementarity determining regions 

(CDR) region of the ImmunoBody®. The immunogenicity of each delivery system was compared by 

vaccination of HHDII/DR1 mice, as described previously, followed by an IFNγ ELISpot assay. 

Vaccination using CAF09 adjuvant induced significantly (p<0.0001) higher numbers of IFNγ-

secreting T-cells following stimulation with ILL 9mer peptide and VSIW 15mer peptide in 

comparison with CpG adjuvant and the ImmunoBody® DNA vaccine (Figure 3.3 A). As expected, 

immunisation with CpG adjuvant induced IFNγ-secreting T-cells, although the response to some 

hPAP-derived peptides was not as high as previously obtained in experiments reported in Figure 

3.1 A. On the other hand, the ImmunoBody® DNA vaccine did not induce IFNγ-secreting T-cells. 

These results showed that CAF09 is a strong adjuvant and that the CAF09-based vaccine induces 

the strongest PAP-specific immune response in this model, out of the 3 vaccine strategies tested. 

The functional avidity of T-cells for the ILL 9mer class-I peptide was compared following vaccination 

with the humanPAP42mer peptide with either CpG or CAF09 adjuvant and followed by an IFNγ 

ELISpot assay (Figure 3.3 B). This assay was not performed with the ImmunoBody® DNA vaccine, as 

it did not induce IFNγ-secreting T-cells following stimulation with the ILL 9mer peptide. CAF09 

adjuvant was able to induce higher number of ILL-specific T-cells down to 0.01µg/mL of peptide, 

but at lower peptide concentrations, the induction of ILL-specific T-cells was only detected in the 

CpG adjuvant group (Figure 3.3 B). Indeed, the half maximal effective concentration (EC50) of ILL 

peptide was 9 times lower for the CpG adjuvant group: CpG = 0.00105µg/ml, CAF09 = 0.00937µg/ml 

(graph on the right). 
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Figure 3.3: Effect of the hPAP 42 peptide mutated form with CpG, CAF09 adjuvant or in the ImmunoBody® 
DNA vaccine on the overall response against class I and class II epitopes and on the avidity to ILL class-I 
epitope. HHDII/DR1 mice were immunised on days 1, 15 and 29 with either the CpG, the CAF09 or the 
ImmunoBody®-based mutated hPAP 42mer vaccine. 7 days after the last immunisation, splenocytes were 
isolated from spleens and an in vitro IFNγ ELISpot assay was performed. Splenocytes were stimulated with (A) 
hPAP-derived class I and class II peptides or (B) decreasing concentrations of ILL 9mer peptide, for 48 hours 
at 37°C. Immunisation with the CAF09-based vaccine induced higher numbers of peptide-specific IFNγ-
secreting T-cells than immunisation with other vaccines. Immunisation with CpG adjuvant induced T-cells 
with a higher functional avidity for ILL 9mer peptide than immunisation with the CAF09 adjuvant. Bars 
represent the mean number of spots and the error bars represent the SD. Sigmoidal curve representing the 
functional avidity of ILL 9mer peptide (B right). (A) 4 to 6 independent experiments performed (n= 13 to 20 
mice per test group) and (B) 1 to 2 independent experiments (n= 3 to 6 mice per test group). A significant 
difference in the induction of peptide-specific IFNγ releasing T-cells between immunisation groups was 
determined using a two-way ANOVA comparison test. 
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3.2.2.1.2.Immunophenotyping of CD8+ T-cells 

To assess the effect of the vaccine on T-cell subsets, the phenotype of splenocytes from vaccinated 

mice was investigated using flow cytometry. The gating strategy used is presented in Figure 3.4. 

The effect of the 3 different vaccines were compared with each other and with a baseline: naïve, 

non-vaccinated mice. Splenocytes were stained with antibodies to assess the proportion of T-cell 

subsets, the presence of memory T-cells and the presence of activation and inhibitory markers on 

T-cells. To determine the T-cells responsible for the IFNγ production, splenocytes were also 

stimulated in vitro with ILL 9mer alone or with VSIW 15mer peptides for 6 hours and then assessed 

by flow cytometry for the expression of cytokines, degranulation markers and for proliferation. 

Indeed, the secretion of IFNγ in response to VSIW 15mer peptide could be actually directed against 

the ILL9mer epitope after processing of the 15mer by APCs during the 48hrs of culture period. 

 

 

Figure 3.4: Gating strategy used for flow cytometry analysis. 

 

Percentages of CD4+ and CD8+ T-cells within the T-cell compartment were measured. Both CAF09 

and ImmunoBody® based vaccines induced an increase in the proportion of CD8+ T-cells (Figure 3.5 
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A). The CAF09-based vaccine induced approximately a 2-fold increase in comparison to the baseline 

and to the CpG-based vaccine (p<0.0005). The ImmunoBody®-based vaccine induced a lesser 

increase in comparison to the baseline and the CpG-based vaccine. Surprisingly, the CpG-based 

vaccine did not increase the proportion of CD8+ T-cells. As expected, any increase in the proportion 

of CD8+ cells was accompanied by a proportional decrease in the proportion of CD4+ T-cells (Figure 

3.5 A). 

 

CD4+ and CD8+ T cells can be categorized into different effector, memory and naïve phenotypes 

based on their expression of defined markers. Naïve T-cells are CD44lowCD62L+, central memory T-

cells are CD44highCD62L+, and the effector and/or effector memory CD4+ and CD8+ T-cells are 

CD44highCD62Lneg (Sckisel, et al. 2017). 

The percentage of CD4+ memory T-cells was not affected by the vaccination (Figure 3.5 B). On the 

other hand, the proportion of CD8+ effector/effector memory T-cells was significantly increased (3-

fold change) in the CAF09-based vaccine group in comparison to all other groups (p<0.0005), 

reaching an average of 60% of CD8+ T-cells exhibiting a memory phenotype (Figure 3.5 B). There 

was no increased proportion of central memory T-cells (data not shown). 

 

The expression of activation and inhibitory markers on CD4+ and CD8+ T-cells was then assessed. 

The expression of GITR and OX40 activation markers and of CTLA-4, LAG-3 and Tim-3 inhibitory 

markers in CD4+ nor in CD8+ T-cells was not significantly affected by vaccination (Figure 3.5 C). The 

expression of PD-1 inhibitory marker by CD4+ T-cells was modestly increased by the CAF09-based 

vaccine and the ImmunoBody®-based vaccine in comparison to the baseline. However, the 

increased PD-1 expression by CD8+ T cells was only observed in the CAF09-based vaccine group 

(p<0.0005), with 40% of CD8+ T-cells expressing PD-1 on average. 
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Figure 3.5: Effect of different delivery systems on the induction of a memory response and the expression 
of activation and inhibitory markers following immunisation with the hPAP42mer mutated sequence. 
HHDII/DR1 mice were immunised on days 1, 15 and 29 with either the CpG-based, the CAF09-based or the 
ImmunoBody®-based mutated hPAP 42mer vaccine. Seven days after the last immunisation, splenocytes 
were isolated from spleens, incubated with a murine FcR block and then stained with surface antibodies for 
flow cytometry analysis indicating (A) proportion of CD4+ and CD8+ T-cells, (B) proportion of memory T-cells 
and (C) proportion of T-cells expressing activating and inhibitory markers. The CAF09-based vaccine induced 
an increase of the proportion of CD8+ T-cells, an increase of the proportion of CD8+ memory T-cells and the 
expression of PD-1 on both CD4+ and CD8+ T-cells. Bars represent the mean percentage of positive cells and 
the error bars represent the SD. Two to three independent experiments performed (n= 6 to 9 mice per test 
group). A significant difference in the proportion of positive cells between immunisation groups was 
determined using a two-way ANOVA comparison test. 
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The functionality of splenocytes was then assessed following 6 hours of in vitro stimulation with 

relevant peptides, either ILL 9mer alone or with VSI 15mer. 

The proliferation of T-cells was measured based on the expression of Ki67, which has been shown 

to be a maker of antigen-specific in vitro lymphoproliferation (Soares, et al. 2010). Both stimulating 

conditions induced the proliferation of CD8+ T-cells, with up to 7% of CD8+ T-cells being Ki67+ in the 

CAF09-based vaccine group (Figure 3.6 A). This result correlates with the higher percentage of CD8+ 

T-cells within the T-cell compartment (Figure 3.6 A). The proliferation of CD4+ T-cells was not 

affected (data not shown).  

 

Then, the cytokine secreting capacity of T-cells was assessed. As revealed using the IFNγ ELISpot 

assay, the response of splenocytes from the CAF09 immunised mice to ILL and VSI peptides was 

greater than that of splenocytes from other groups, with only CD8+ T-cells, among T-cells, being 

responsible for the IFNγ secretion (Figure 3.6 B), as CD4+ T-cells did not secrete cytokines (data not 

shown). Interestingly, IFNγ and TNFα were strictly co-secreted by the same CD8+ T-cells. IL-2 was 

also secreted upon stimulation in the CAF09-based vaccine group, by a subset of IFNγ/TNFα-

releasing CD8+ T-cells. The addition of VSI 15mer peptide to ILL9mer peptide induced a non-

significant increase in the proliferation and cytokine secreting capacities of CD8+ T-cells. CD4+ T-

cells did not secrete cytokines upon peptide stimulation (data not shown). 

 

Finally, the capacity of CD8+ T-cells to release cytolytic granules was measured based on the 

expression of CD107a and Granzyme B proteins. CD107a molecule was described as a marker of 

degranulation, its surface expression correlates with the loss of intracellular perforin and with the 

production of IFNγ following activation with a peptide (Betts, et al. 2003).  Betts et al. showed that 

CD8+ T cells expressing CD107a mediated cytolytic activity in an antigen-specific manner. 

The CAF09-based vaccine induced a significant increase in the expression of CD107a degranulation 

marker expression upon in vitro peptide stimulation while no difference was observed for the 

expression of Granzyme B (Figure 3.6 C). Regardless of the stimulating conditions, the proportion 

of CD8+ T-cells expressing Granzyme B was the greatest for the CAF09-based vaccine group. As 

suggested by Tietze et al. Granzyme B can be released by non-antigen-specific CD8+ T-cells (Tietze, 

et al. 2012). The presence of CD8+ T-cells co-expressing CD107a and Granzyme B was only observed 

for the CAF09-based vaccine group (Figure 3.6 D). Overall, 15% to 20% of total CD8+ T-cells were 

expressing CD107a and/or Granzyme B in the CAF09-vaccine based group, versus up to 7% in other 

groups. The same analysis was made when focusing on CD8+ T-cells secreting IFNγ and TNFα (Figure 

3.6 E). For the CAF09-based vaccine group, the majority of cytokine-secreting CD8+ T-cells were 

either CD107a+ or Granzyme B+, or co-expressed both. Therefore, it appears that vaccine-induced 
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CD8+ T-cells have a double functionality, being able to secrete cytokines and to degranulate at the 

same time. 

  



87 
 

 

 
Figure 3.6: Effect of different delivery systems with the hPAP 42 mutated sequence on the functional 
capacities of CD8+ T-cells following class-I and class-II peptides stimulation. HHDII/DR1 mice were 
immunised on days 1, 15 and 29 with either the CpG, the CAF09 or the ImmunoBody®-based mutated hPAP 
42mer vaccine. 7 days after the last immunisation, splenocytes were isolated from spleens, stimulated with 
either ILL 9mer alone or with VSI 15mer for 6 hours at 37°C. Splenocytes were then incubated with a murine 
FcR block, stained with surface Abs, fixed and permeabilized and stained with intracellular Abs for flow 
cytometry analysis indicating (A) proliferation (B) cytokines secretion (C) degranulation markers single 
expression or (D) double expression and (E) co-expression of degranulation markers within secreting cells. 
The CAF09-based vaccine induced the proliferation, the cytokines secretion and the degranulation of CD8+ T-
cells upon stimulation. Bars represent the mean percentage of positive cells and the error bars represent the 
SD. 1 to 3 independent experiments performed (n= 3 to 9 mice per test group). A significant difference in the 
proportion of positive cells between immunisation groups was determined using a two-way ANOVA 
comparison test. 
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3.2.2.2.C57Bl/6 model 

3.2.2.2.1.Effect on the overall response against class-I and class-II epitopes 

The murine PAP42mer 2 and 3 mutations peptides were shown to be more immunogenic than the 

WT peptide (Figure 3.2). The capacity of different delivery systems to further increase the 

immunogenicity of the mutated PAP sequence were compared, as was undertaken for the HHII/DR1 

mice: CpG or CAF09 adjuvant and the ImmunoBody® DNA vaccine were assessed. The DNA 

sequences coding for the murine PAP42mer 2 or 3 mutations peptides were incorporated into the 

CDR regions of the ImmunoBody® vaccine sequence. The immunogenicity of each delivery system 

was compared by vaccination of C57Bl/6 mice followed by IFNγ ELISpot assay. Both the CAF09-

based vaccine and the ImmunoBody® DNA vaccine were able to induce higher numbers of IFNγ-

secreting T-cells following stimulation with three class-I (ISI 9mer, GSI 9mer and SIW 8mer) and two 

class-II (ISI 15mer and PEG 15mer) epitopes (Figure 3.7 A) in comparison to CpG adjuvant, which 

did not induce any IFNγ-secreting T-cells. The mPAP42mer 2 mutations sequence, either in the 

CAF09-based vaccine or in the ImmunoBody®-based vaccine, induced the highest number of IFNγ-

secreting T-cells upon stimulation with mPAP-derived peptides, although this difference was not of 

statistical significance. 

 

The functional avidity of T-cells for both the ISI 9mer and the SIW 8mer epitopes were compared 

following vaccination with either the 2 or the 3 mutations murine PAP42mer peptides with CAF09 

or in the ImmunoBody® DNA vaccine, followed by an IFNγ ELISpot assay. For this assay, mice were 

again pooled per group for practical reasons. All vaccination strategies were able to induce high 

affinity ISI-specific IFNγ releasing T-cells, as even the lowest concentration was able to induce ISI-

specific IFNγ releasing T-cells (Figure 3.7 B). On the other hand, except for the 2 mutations peptide-

based vaccine administered with the CAF09 adjuvant, there was no high affinity SIW-specific T-cells 

generated as there was no SIW-specific IFNγ releasing T-cells at low peptide concentrations. Based 

on these results, the 2 mutations sequence in combination with either CAF09 adjuvant or in the 

ImmunoBody® DNA vaccine were the selected vaccine strategies for further experiments. 
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Figure 3.7: Effect of the mPAP 42 peptide mutated forms with CpG, CAF09 adjuvant or in the ImmunoBody® 
DNA vaccine on the overall response against class I and class II epitopes and on the avidity to ISI and SIW 
class-I epitopes. C57Bl/6 mice were immunised on days 1, 15 and 29 with either the CpG-based, the CAF09-
based or the ImmunoBody®-based mutated mPAP 42mer vaccine. Seven days after the last immunisation, 
splenocytes were isolated from spleens and an in vitro IFNγ ELISpot assay was performed. Splenocytes were 
stimulated with (A) mPAP-derived class I and class II peptides or (B) decreasing concentrations of ISI or SIW 
peptides, for 48 hours at 37°C. Immunisation with both CAF09-based and ImmunoBody®-based vaccine 
induced high numbers of peptide-specific IFNγ releasing T-cells and high functional avidity for ISI peptide, 
whereas the CpG-based vaccine did not induce IFNγ-releasing T-cells. Bars represent the mean number of 
spots and the error bars represent the SD. Sigmoidal curve representing the functional avidity of ISI and SIW 
peptide (B right). (A) two to seven independent experiments performed (n= 6 to 24 mice per test group) and 
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(B) two independent experiments. A significant difference in the induction of peptide-specific IFNγ releasing 
T-cells between immunisation groups was determined using a two-way ANOVA comparison test. 

 

3.2.2.2.2.Immunophenotyping of CD8+ T-cells 

The effect of the vaccine strategies on T-cell subsets was assessed in this model as described for 

the HHDII/DR1 model. To determine the T-cells responsible for the IFNγ production, splenocytes 

were stimulated in vitro with either class-I peptides alone (ISI 9mer and SIW) or with class-II 

peptides (ISI 15mer and PEG) for 6 hours. Indeed, the same hypothesis can be made regarding the 

secretion of IFNγ in response to 15mer peptides, which could be directed against 9mer peptides 

after processing by APCs during the culture period. 

 

CAF09 and ImmunoBody®-based vaccines both induced a modest increase in the proportion of CD8+ 

T-cells (Figure 3.8 A). The proportion of CD4+ memory T-cells did not change, however, the 

proportion of CD8+ effector/effector memory T-cells was slightly increased in both the CAF09-based 

vaccine and the ImmunoBody®-based vaccine groups in comparison to the baseline, reaching an 

average of 10-12% of CD8+ T-cells exhibiting an effector memory phenotype (Figure 3.8 B). 

 

As was found in the HHDII/DR1 model, only the expression of the inhibitory PD-1 molecule was 

affected by the vaccines. Its expression was increased on CD4+ and in CD8+ T-cells in the CAF09-

based vaccine group in comparison to the baseline and to the ImmunoBody®-based vaccine group, 

with a higher increase found in the CD8+ T-cell compartment (Figure 3.8 C). 
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Figure 3.8: Effect of different delivery systems with the mPAP42mer mutated sequence on the induction of 
a memory response and the expression of activation and inhibitory markers. C57Bl/6 mice were immunised 
on days 1, 15 and 29 with either the CAF09-based or the ImmunoBody®-based mutated mPAP 42mer vaccine. 
Seven days after the last immunisation, splenocytes were isolated from spleens, incubated with a murine FcR 
block and then stained with surface antibodies for flow cytometry analysis indicating (A) proportion of CD4+ 
and CD8+ T-cells, (B) proportion of memory T-cells and (C) proportion of T-cells expressing activating and 
inhibitory markers. Both vaccines induced an increase of the proportion of CD8+ T-cells and an increase of the 
proportion of CD8+ memory T-cells, but only the CAF09-based vaccine increased the expression of PD-1 on 
CD4+ and CD8+ T-cells. Bars represent the mean percentage of positive cells and the error bars represent the 
SD. Two to three independent experiments performed (n= 6 to 9 mice per test group). A significant difference 
in the proportion of positive cells between immunisation groups was determined using a two-way ANOVA 
comparison test. 
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The functionality of the splenocytes was then assessed following 6 hours of in vitro stimulation with 

ISI 9mer/SIW 8mer +/- ISI 15mer/PEG 15mer. Both stimulating conditions induced the proliferation 

of CD8+ T-cells with up to 1.8% of CD8+ T-cells expressing Ki67 in the ImmunoBody®-based vaccine 

group (Figure 3.9 A). The proliferation of CD4+ T-cells was not affected (data not shown). 

 

As was showed in the IFNγ ELISpot assay, splenocytes from both vaccine groups were able to 

produce class-I-specific IFNγ-releasing T-cells. Results showed that only CD8+ T-cells were 

responsible for the IFNγ secretion (Figure 3.9 B). In this model too, IFNγ and TNFα were strictly co-

secreted by the same CD8+ T-cells. IL-2 was also secreted upon stimulation, in both vaccine groups, 

by a subset of IFNγ/TNFα-secreting CD8+ T-cells. The increase in IL-2 secretion was only significant 

when class-II peptides were added to class-I peptides for the stimulation. The addition of class-II 

peptides to the class-I peptides induced a non-significant increase of proliferative and secreting 

capacities of CD8+ T-cells. CD4+ T-cells did not secrete cytokines upon stimulation (data not shown). 

 

Considering the degranulation capacities of CD8+ T-cells, both vaccines induced an increase of 

CD107a degranulation marker expression upon stimulation (non-significant for the ImmunoBody® 

group) (Figure 3.9 C). Regardless of the stimulating conditions, CD8+ T-cells from the CAF09-based 

vaccine group exhibited a higher proportion of Granzyme B+ CD8+ T-cells. The presence of CD8+ T-

cells co-expressing CD107a and Granzyme B was observed in both vaccine groups, in a very small 

proportion (less than 0.5% of CD8+ T-cells) (Figure 3.9 D). Overall, 3-5% of CD8+ T-cells were 

expressing either CD107a or Granzyme B or both in vaccine groups, versus up to 1% for the baseline.  

Unlike what was observed in the HHDII/DR1 model, CD8+ secreting T-cells (IFNγ and TNFα) 

expressed CD107a but no expression of Granzyme B was observed (Figure 3.9 E). 
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Figure 3.9: Effect of different delivery systems with the mPAP 42 mutated sequence on the functional 
capacities of CD8+ T-cells following class-I and class-II peptides stimulation. C57Bl/6 mice were immunised 
on days 1, 15 and 29 with either the CAF09 or the ImmunoBody®-based mutated mPAP 42mer vaccine. 7 days 
after the last immunisation, splenocytes were isolated from spleens, stimulated with either ISI 9mer + SIW 
8mer alone or with ISI 15mer + PEG 15mer for 6 hours at 37°C. Splenocytes were then incubated with a 
murine FcR block, stained with surface antibodies, fixed and permeabilized and then stained with intracellular 
antibodies for flow cytometry analysis indicating (A) proliferation (B) cytokines secretion (C) degranulation 
markers single expression or (D) double expression and (E) co-expression of degranulation markers within 
secreting cells. Both vaccines induced the cytokines secretion and the degranulation of CD8+ T-cells but only 
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the ImmunoBody®-based vaccine induced the proliferation of CD8+ T-cells upon stimulation. Bars represent 
the mean percentage of positive cells and the error bars represent the SD. 1 to 3 independent experiments 
performed (n= 3 to 9 mice per test group). A significant difference in the proportion of positive cells between 
immunisation groups was determined using a two-way ANOVA comparison test. 

 

3.3. Discussion 

This study focussed on the use of PAP protein as a target for the development of a therapeutic 

vaccine against prostate cancer. PAP protein is an attractive target for prostate cancer vaccines due 

to its relative specific expression within the prostate and its disease-dependant overexpression. 

Moreover, the FDA-approval of Provenge vaccine in 2010 has demonstrated the rationale for using 

PAP as a target for cancer vaccines in prostate cancer. 

 

The first goal of this study was to optimise our vaccine, in order to identify the most immunogenic 

vaccine strategy capable of inducing PAP-specific T cell responses that were identified with the 

SYFPEITHI database. In the two mouse models tested, the findings demonstrate the higher capacity 

of mutated 42mer PAP-derived peptides to induce a PAP-specific immune response. Higher number 

of IFNγ-releasing T cells was obtained following stimulation with short class-I and long class-II WT 

peptides and the functional avidity to short peptides was also improved.  

 

In the humanized model, the ILL 9mer and the VSIW 15mer peptides induced the highest number 

of IFNγ-releasing T cells. The ILL 9mer particularly has been reported to induce anti-tumour 

immunity in vitro, through killing of HLA-A2.1+ LNCaP cells and of peptide-pulsed T2 cells by peptide-

primed PBMCs, and in vivo, in the HHDII mice, making it a good vaccine candidate for 

immunotherapy of prostate cancer (Machlenkin, et al. 2005). The murine and human PAP proteins 

are only 81% identical, the ILL9mer murine homologue has 1AA difference: 

ILLLWQPIPVRLLWQPIPV, keeping the anchor motifs at positions 2 and 9 (Rammensee, et al. 1993). 

It is therefore possible that the ILL9mer induces cytotoxic T lymphocytes reactive against 

xenoantigenic determinants, as has been suggested by Machlenkin et al. (Machlenkin, et al. 2005). 

Indeed, considering that HHDII/DR1 humanized mice naturally express the murine PAP protein, 

immunisation using the hPAP42mer mutated peptide is an immunisation with a peptide containing 

3 mutations (two between murine and human PAP42mer sequence, plus the additional mutation). 

Therefore, CD8+ T-cells are recognizing a foreign antigen during vaccination. The ELISpot assay is 

performed with hPAP42mer-derived short sequences, human and foreign sequences. Although the 

assay proves that the vaccination induced ILL-specific CD8+ T-cells, the intensity of the response is 

probably overestimated due to the ‘foreignness’ of ILL 9mer. 

 

In the C57Bl/6 model, 2 short peptides: SIW 8mer and ISI 9mer and 2 long peptides: ISI 15mer and 

PEGI 15mer, induced high number of IFNγ-releasing T cells. 
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In both models, class-I and class-II peptides displaying the highest SYFPEITHI binding score did not 

induce the highest number of IFNg releasing T-cells, thereby illustrating the limitations of the 

algorithm. Indeed, in the HHDII/DR1 model, ILL, the strongest HLA-A2 epitope has a score of 24 but 

induced a greater number of peptide-specific releasing T-cells than SAM and ALF which have scores 

of 24 and 27 respectively. As for the C57Bl/6 model, ISI which has the highest binding score, 25, was 

as immunogenic as SIW, with a binding score of only 13. GIS was less immunogenic, which correlates 

with its lower binding score: 10. However, the functional avidity assay demonstrated the much 

higher functional avidity of T-cells for ISI peptide, which correlates with its higher binding score. 

 

The absence of IFNγ release following stimulation with SAM 9mer and MSAM 15mer in the two 

models was unexpected as these two peptides have previously been described as immunogenic 

(Saif, et al. 2014). This could be explained by a differential processing of the 42mer peptide in 

comparison to the 15mer peptide, not in favour of the SAM 9mer and MSAM 15mer peptides, as 

well as the potential binding competition between ILL and SAM in some way advantaging ILL. 

 

In both models, the short peptide sequences (8 to 9mer) were part of the 15AA long peptides 

sequences. Since the ELISpot assay was developed 48hrs after the stimulation it is possible that 

15AA long peptides were processed by APCs and cut into 8-9mer long peptides and therefore that 

the IFNγ secretion observed in response to the long 15mer peptides stimulation was due to CD8+ 

and not CD4+ T-cells. To answer this question, in vitro stimulation with short and long peptides 

followed by intra-cellular flow cytometry staining was performed. The results showed that CD8+ T-

cells only were responsible for the secretion of IFNγ, suggesting that the vaccine induces a class-I 

response only. The lack of cytokine secretion by CD4+ T-cells was unexpected. However, the 

addition of long 15mer peptides did increase the intensity of the CD8+ T-cell response (cytokines 

secretion and proliferation). In particular, IL-2 secretion by CD8+ T-cells was increased in the 

presence of class-II epitopes during the stimulation, suggesting a potential helper role for CD4+ T-

cells, however this was not investigated further. 

 

Interestingly, although the mutation in the hPAP42mer sequence does not directly affect the 

ILL9mer and the VSIW15mer sequences, it appears to affect their immunogenicity. On the other 

hand, the mutations in the mPAP42mer sequences directly affect ISI9mer, SIW8mer, PEGI15mer 

and ISI15mer sequences and their immunogenicity, with the T-cells generated still able to recognise 

the wild-type sequences of these peptides. 
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The other aspect of the study was to determine whether different adjuvants or delivery systems 

could improve the immunogenicity of the PAP42mer vaccine. CAF09 adjuvant was identified as a 

stronger adjuvant than CpG in the two models studied. The ImmunoBody® DNA vaccine was able 

to improve the immunogenicity of the vaccine in only one of the two mouse model tested, 

demonstrating that the efficacy of an adjuvant/delivery system depends on the antigen of interest 

and in the model in which it is tested. 

 

Overall, the immune response in the HDDII/DR1 model was stronger than that obtained with the 

C57Bl/6 model, probably due to the foreignness of the hPAP42mer peptide. The proportion of CD8+ 

T-cells displaying a memory phenotype was higher in the HHDII/DR1 mice as was the proportion of 

proliferating, secreting and degranulating CD8+ T-cells. The two-models differed in their 

quantitative response, but not in their qualitative response. Indeed, the pattern of cytokines 

produced was identical: co-secretion of IFNγ and TNFα by CD8+ T-cells, and for a subset of these 

cells, co-secretion of IL-2 as well. The pattern of degranulation was also identical, CD107a 

expression was affected by the presence of antigen whereas that of granzyme B was not.  

 

The only major difference between the two models was the incapacity of the ImmunoBody®-based 

vaccine to elicit a PAP-specific immune response in the HHDII/DR1 model. This result is surprising 

considering that the incorporation of the PAP15mer sequence into the ImmunoBody® DNA vaccine 

increased the immunogenicity and anti-tumour response of the vaccine (Saif, et al. 2014). Moreover, 

the ImmunoBody® was previously described as a strong delivery system capable of inducing high 

frequency helper and cytolytic responses capable of anti-tumour activity (Durrant, et al. 2010). A 

possibile explanation was that the PAP42mer sequence is too long, as incorporating such a long 

sequence had never been assessed before (maximum was 30AA). However, the ImmunoBody®-

derived vaccine was able to induce a strong immune response in the C57Bl/6. 

 

The CAF09-based vaccine induced PD-1 expression in both models in CD4+ and CD8+ T-cells. The 

ImmunoBody®-based vaccine also induced the expression of PD-1 on T-cells, albeit to a much lesser 

extent. The expression of PD-1 on T-cells has different implications. Its expression is the evidence 

that the TCR of T-cells has been activated (Simon and Labarriere 2017). In the absence of the antigen, 

PD-1 expression will decrease, however, in the case of persisting antigen stimulation, PD-1 

expression is maintained as this inhibitory receptor has for role to maintain the peripheral immune 

tolerance and to limit auto-immunity. Although PD-1 has been described as a marker of dysfunction 

/ exhaustion for T-cells, it is now accepted that its expression on its own is not sufficient to conclude 

on the exhausted status of T-cells. The co-expression of various other inhibitory markers has to be 

present. PD-1 expression has been linked to the presence of tumour-reactive CD8+ T-cells (Inozume, 
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et al. 2010) (Gros, et al. 2014) and of high avidity CD8+ T-cells (Simon, et al. 2015; Gros, et al. 2016). 

Its expression level is related to the strength of TCR signalling, therefore to the functional avidity of 

peptide specific T-cells. As suggested by Simon et al. (Simon, et al. 2015) and correlating with the 

results obtained in our study, the expression of PD-1 seems to be a marker of efficient CD8+ T-cells. 

The presence of “exhausted” T-cells will be assessed in the next chapters when assessing the anti-

tumour activity of T-cells, both in vitro and in vivo. Indeed, in the case of exhaustion of T-cells, their 

unability to secrete cytokines and to degranulate cytotoxic molecules upon PAP recognition on the 

surface of tumour cells would be deleterious to the anti-tumour activity of the vaccine. If this is 

observed, combining the vaccine with an anti-PD1 antibody might be necessary, as suggested by 

Rekoske et al. (Rekoske, et al. 2015). 

 

Nonetheless, the fact that the CAF09-based vaccine was able to induce the expression of CD107a 

and granzyme B by CD8+ T-cells suggests that CD8+ T-cells from that vaccine group would have a 

better capacity of lysing tumour cells. 

 

Previous studies have described a population of memory T-cells that can proliferate and exhibit 

effector functions in response to cytokines during viral and bacterial infections, without TCR 

engagement (Tough, et al. 1998) (Dhanji, et al. 2004) (Ehl, et al. 1997). TLR agonists, CpG and Poly 

I:C, have also been shown to induce the proliferation of these CD8+ CD44high T-cells (Sprent, et al. 

2000). These antigen-nonspecific CD44high T-cells, described as the main cell type expanding 

following stimulatory immunotherapies, express NKG2D, release granzyme B and are induced 

following cytokine exposure (Tietze, et al. 2012). Further studies demonstrated a correlation 

between PD-1 expression and CD62Llow expression (corresponding to an effector/effector memory 

phenotype) (Sckisel, et al. 2017). Moreover, the elevated PD-1 expression on effector/effector 

memory cells was also observed in patients undergoing systemic high-dose IL-2 therapy. Although, 

this was found to be true for CD4+ T-cells mainly and in the peripheral organs, these results correlate 

with our findings regarding CD8+ splenocytes. Indeed, within the CD8+ T-cells from CAF09-vaccine 

immunised mice, approximately 60% displayed an effector/effector memory phenotype (20% for 

naïve mice), about 50% expressed PD-1 (20% for naïve mice) and about 10% expressed Granzyme 

B without antigen stimulation (2% for naïve mice). These findings suggest that the effector/effector 

memory cells could express PD-1 and that a small proportion of these cells might have cytotoxic 

capacities by releasing Granzyme B, although it could not be verified. Assessing the expression of 

NKG2D would be of interest to compare our findings with those of others and determine if the 

CAF09-based vaccine induces antigen non-specific CD8+ memory T cells with non-MHC restricted 

cytotoxic capacities. The induction of these cells would be of advantage when assessing the anti-
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tumour effect of the vaccine, as tumour cells have the capacity to downregulate both MHC and 

tumour antigen expression in order to avoid recognition by CD8+ T cells (Dunn, et al. 2002). 

 

In conclusion, these results demonstrated the relevance of using a mutated peptide sequence in a 

vaccine in order to render it more immunogenic. The capacity of splenocytes from immunised 

animals to recognize WT-derived epitopes was therefore increased. Moreover, the different 

vaccine strategies tested have highlighted the importance of choosing the optimal delivery system 

in order to maximise the immunogenic potential of a vaccine. It is important to note that the 

optimal delivery system can differ depending on the peptide sequence length and on the mouse 

model used. We have shown that a strong vaccine strategy can induce a PAP-specific immune 

response, and generate functional PAP-specific CD8+ T-cells capable of cytokine secretion and of 

degranulation of cytotoxic granules. In the next part of the study, the anti-tumour capacity of 

splenocytes from animals immunised with the optimised vaccine strategy was assessed in vitro. 

More precisely, the ability of splenocytes to kill target cells in a PAP-specific manner. 
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Chapter 4: Generation of relevant murine and human target cells and 
assessment of the anti-tumour capacity of the PAP42mer vaccine in 
vitro 

4.1. Introduction 

As detailed in the introduction, cytotoxic T lymphocytes (CTLs) are essential for long-term anti-

tumour response. Indeed, tumours highly infiltrated in CTLs are more responsive to 

immunotherapy (Farhood, et al. 2019). The proliferation of intratumoral CTLs correlates with the 

reduction of tumour size (Tumeh, et al. 2014). The TCR of primed CD8+ T-cells recognises antigenic 

peptides presented by MHC class-I molecules on the surface of tumour cells. Upon TCR engagement, 

activated CTLs secrete IFNγ and TNFα to promote cytotoxicity and induce direct cytotoxicity by two 

main pathways: the perforin/granzyme pathway and the death ligand pathway (section 1.3.4.1). 

In the previous chapter, immunization with CAF09 adjuvant, which has previously been reported to 

elicit cytotoxic CD8+ T-cells (Korsholm, et al. 2014), was demonstrated to induce ILL-specific CD8+ T-

cells capable of cytokine secretion and of degranulation of cytotoxic granules. 

 

The aim of the studies presented in this chapter was to assess the efficacy of the selected vaccine 

strategies in generating CTLs capable of killing cancer cells in a PAP-specific manner in vitro. To this 

end, murine and human cancer cell lines were selected and modified to render them suitable 

targets. The first step was to assess the endogenous MHC class-I expression as well as the 

endogenous PAP expression. Secondly, to induce both the expression of the relevant MHC class-I 

molecule (human HLA-A2 or murine H2-KbDb) and either the murine or the human PAP protein. 

Following the generation of relevant target cells, the next step was to assess the capacity of vaccine-

induced T-cells to lyse these target cells. Class-I peptide specific CD8+ T-cells which would then be 

able to recognize and lyse target cells, were expanded in vitro prior to proceeding with the 

cytotoxicity assay. Two different cytotoxicity assays were used: the 51Cr release assay and a flow 

cytometry-based cytotoxicity assay. 

These results allowed the selection of the vaccine strategy best capable of inducing PAP-specific 

cytotoxic T-cells, which will be used to assess its anti-tumour capacity in vivo. 
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4.2. Results 

4.2.1. Generation of relevant target cells and tumour models 

In order to assess the anti-tumour efficacy of the vaccine in the C57Bl/6 mouse model and in the 

HHDII/DR1 humanised mouse model, six cell lines were selected: three murine, two human and 

one humanized murine cell line. The tables below summarize the different target cells used and the 

changes required to assess the PAP-specific cytotoxicity. 

 

Table 4.1: MHC class-I and PAP expression in murine cell lines 
Murine cell lines 

  TRAMP-C1 TRAMP-C2 RMAS 

MHC class-I 

Endogenous expression Low H2-Kb-Db Low H2-Kb-Db H2-Kb-Db 

Adaptation needed IFNγ treatment IFNγ treatment 
Optimisation of 

peptide-binding 

PAP expression Endogenous expression Murine PAP Murine PAP None 

 Adaptation needed 
Murine PAP 

knock-down 

Murine PAP 

knock-down 

Optimisation of 

peptide-binding 

 

Table 4.2: MHC class-I and PAP expression in human cell lines 

 

4.2.1.1.TRAMP-C1 and TRAMP-C2 murine cell lines 

The TRAMP-C1 and the TRAMP-C2 prostatic murine cancer cell lines are derived from the 

Transgenic Adenocarcinoma Mouse Prostate (TRAMP) mouse model (Foster, et al. 1997). TRAMP 

males develop histological prostatic intraepithelial neoplasia (PIN) by 8 to 12 weeks of age that 

progresses to adenocarcinoma with distant metastases by 24-30 weeks of age. Three cell lines were 

established from the heterogeneous tumour of a 32-week old TRAMP mouse: TRAMP-C1, TRAMP-

C2 and TRAMP-C3. Only TRAMP-C1 and TRAMP-C2 cell lines are tumorigenic when implanted into 

syngeneic C57Bl/6 animals (Foster, et al. 1997). All three cell lines are epithelial of origin. In this 

chapter, TRAMP-C1 and TRAMP-C2 cells were considered as target cells for in vitro killing. 

 

 

Human(ized) cell lines 

  B16 HHDII LNCaP T2 

MHC class-I 

Endogenous expression Chimeric HLA-A2 HLA-A2 HLA-A2 

Adaptation needed NONE 

Chimeric 

HLA-A2 

knock in 

Optimisation of 

peptide-binding 

PAP expression Endogenous expression None Human PAP None 

 Adaptation needed 
Human PAP 

knock in 

Human PAP 

knock-

down 

Optimisation of 

peptide-binding 



101 
 

4.2.1.1.1.Assessing MHC class-I expression 

TRAMP-C2 cells have been described as having low MHC class-I molecules expression on their 

surface (Martini, et al. 2010). MHC class-I expression is required for class-I epitope presentation to 

CD8+ T-cells, as a consequence of which, H2-Kb-Db expression on TRAMP-C1 and TRAMP-C2 cells 

was assessed by flow cytometry.  The analysis indicated that there was no endogenous H2-Kb-Db 

expression (Figure 4.1A). Although IFNγ can induce MHC class-I expression and promote tumour-

specific immune responses in TRAMP-C2-derived tumours (Martini, et al. 2010), IFNγ has also been 

shown to induce PD-L1 expression, an inhibitory molecule that binds to the PD-1 receptor expressed 

on T-cells thereby impairing the anti-tumour immunity (Abiko, et al. 2015). TRAMP-C1/C2 cells were 

treated with various concentrations of murine IFNγ for 24 hours and the (co-)expression of H2-Kb-

Db and of PD-L1 was measured by flow cytometry (Figure 4.1B and C). A concentration as low as 

0.1ng/mL increased the percentage of H2-Kb-Db positive cells up to 49% (~25% on average), 

however, ~66% of these cells also co-expressed PD-L1 (Figure 4.1B). A concentration of 1ng/mL 

resulted in 51% and 47% of H2-Kb-Db positive TRAMP-C1 and TRAMP-C2 cells, respectively, with 

almost 100% of these cells also expressing PD-L1. A concentration of 2ng/mL or higher only slightly 

increased the percentage of H2-Kb-Db positive cells. 

 

PD-L1 was expressed on ~20% of TRAMP cells without IFNγ treatment (Figure 4.1 B). 0.1ng/mL of 

IFNγ induced PD-L1 expression in 50% of TRAMP cells and concentrations of 1ng/mL and over 

induced PD-L1 expression in 95% of TRAMP-C1 cells (Figure 4.1B).  

 

The intensity of expression (Median Fluorescence Intensity, MFI) of H2-Kb-Db and PD-L1 on TRAMP 

cells was also determined (Figure 4.1C). A concentration of 2ng/mL of IFNγ and over induced the 

highest H2-Kb-Db MFI value (Figure 4.1C left), with 5ng/mL being required to induce maximal 

expression of PD-L1 MFI (Figure 4.1C right). 

 

Considering these results, 1ng/mL of IFNγ was selected as the optimal concentration for pre-

treating TRAMP cells prior in vitro killing assays. Although this concentration was shown to induce 

the expression of PD-L1 in most TRAMP cells, it induced the expression of H2-Kb-Db molecules on 

50% of TRAMP cells while 0.1ng/mL only induced the expression of MHC class-I molecules on 25% 

of TRAMP cells. This compromise was based on prioritising the expression of MHC class-I expression, 

despite the expression of PD-L1 molecule. 
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Figure  4.1: MHC class-I expression in TRAMP-C1 and TRAMP-C2 murine cancer cell lines (A) Histogram of 
H2Kb Db expression in TRAMP-C1 and TRAMP-C2 cells. (B) Effect of 24 hours mIFNγ treatment on the (co-) 
expression of MHC class-I H2Kb Db and PD-L1 molecules in TRAMP-C1 and TRAMP-C2 cells. (C) Expression by 
MFI of MHC class-I H2Kb Db and PD-L1 molecules. N=3 independent experiments. 
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4.2.1.1.2.Assessing endogenous mPAP expression and knock down of mPAP 

TRAMP-C1 and TRAMP-C2 cell lines have been described as endogenously expressing PAP mRNA 

(Grossmann, et al. 2001). A qPCR for the murine PAP gene confirmed its expression within both 

TRAMP cell lines, with a higher mPAP expression in TRAMP-C2 cells (Figure 4.2 A). 

In order to assess the role of mPAP expression in the killing of TRAMP cells by vaccine-induced CTLs, 

the mPAP gene was knocked down in TRAMP-C1 and TRAMP-C2 cell lines. The lentiviral 

transduction method was used (described in 2.2.1.3). mRNA from successfully transduced cells 

(selected in 1µg/mL of puromycin) was extracted to assess the expression of the mPAP gene. In 

both cell lines, there was a decrease in the mPAP expression in comparison to the empty vector 

control transduced cells (Figure 4.2 B). TRAMP-C1 knock down cells expressed 18% of the empty 

vector transfected counterpart, whereas TRAMP-C2 knock down cells expressed 47% of the empty 

vector transfected counterpart. In order to decrease the percentage of mPAP expression in the 

knock down cells, clones from single cells were selected. Empty vector transfected clones with the 

highest mPAP expression and shRNA knock down clones with the lowest mPAP expression were 

selected (Figure 4.2 C): TRAMP-C1 empty vector control clone 5, TRAMP-C1 shRNA clone 4, TRAMP-

C2 empty vector clone 2 and TRAMP-C2 shRNa clone 3. These selected clones were used for 

subsequent in vitro killing assays. 

The choice of clones could not be based on the protein expression of mPAP because none of the 

antibodies tested could recognize the mPAP protein by Western Blotting. 



104 
 

 

Figure 4.2: Endogenous mPAP expression and knock down of mPAP in TRAMP-C1 and TRAMP-C2 murine 
cancer cell lines. (A) Relative endogenous expression of mPAP. (B) Relative expression of the murine PAP 
gene following knock down with shRNA, before cloning (HPRT and GAPH normalisation) and (C) after cloning 
(HPRT normalisation). N=1 for each experiment. 

 

4.2.1.2.LNCaP human cell line 

The LNCaP cell line was isolated from a lymph node biopsy from a 50-year-old Caucasian male 

diagnosed with metastatic prostate carcinoma in 1977 (Horoszewicz, et al. 1980). The morphology, 

preservation of functional properties and conservation of tumorigenicity in athymic nude mice 

confirmed the human prostatic cancer tissue origin of LNCaP cells (Horoszewicz, et al. 1983). LNCaP 

cells were shown to be positive for the androgen receptor and for the oestrogen receptor. 

Moreover, their production of PAP and PSA was demonstrated in vitro as well as in vivo in tumours 
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and in the plasma of tumour-bearing animals (Horoszewicz, et al. 1983). The plasma level of PAP 

was found to increase with the size of the tumours. 

 

4.2.1.2.1.Assessment of MHC class-I expression 

The LNCaP cell line has been described as being HLA-A*0201 positive, although the HLA-A2 

expression level was low and did not increase in response to IFN-gamma stimulation (Carlsson, et 

al. 2007). Olson et al. found similar results and used HLA-A2 transfected LNCaP as targets in 

cytotoxicity assays (Oslon, et al. 2010). However, when assessing the expression of HLA-A2 in the 

LNCaP cell line by flow cytometry, cells were positive (Figure 4.3 A). Thus, there was no need to 

increase the HLA-A2 expression of LNCaP cells in order to use them as target cells for future 

cytotoxicity experiments. 

 

On the other hand, in order to use LNCaP cells as target cells for splenocytes from vaccinated 

HHDII/DR1 mice, cells were transfected to express a chimeric HLA-A2 gene, called HHD. The HHD 

molecule contains the HLA-A2.1 α1 and α2 domains, the H-2Db α3 domain and the human β2 

microglobulin. The presence of the H-2Db α3 domain has been shown to facilitate the interaction 

with mouse CD8 molecules, thereby improving the CTL responses, as HHD-transfected cells are 

more efficiently recognized than cells transfected with the human HLA-A2.1 molecule (Pascolo, et 

al. 1997). The selection of successfully transfected cells was solely based on antibiotic selection 

(1mg/mL of G418) because the expression of the chimeric HLA-A2 cannot be distinguished from 

that of the wild-type HLA-A2 molecules. Hereafter, these cells will be called LNCaP HHDII cells. 

 

4.2.1.2.2.Assessment of endogenous hPAP expression and knock down of hPAP 

As stated earlier (section 4.2.1.2), LNCaP cells have been described as expressing PAP. Its expression 

was confirmed RT-PCR in comparison with HEK293t cells which are known to be PAP negative 

(Figure 4.3 B). In order to assess the role of human PAP expression in their sensitivity to killing by 

vaccine-induced CTLs, the humanPAP gene was knocked down in both the LNCaP WT and the LNCaP 

HHDII cell lines. The lentiviral transduction method was used and mRNA from successfully 

transduced cells (selected in 1µg/mL of puromycin) was extracted to assess the expression of the 

hPAP gene. In both cell lines, there was a decrease in the hPAP expression in comparison to the 

empty vector control transduced cells (Figure 4.3 C): 100 to 16% for LNCaP WT cells and 100 to 7% 

for LNCaP HHDII cells. These cells were not cloned due to their sensitivity and the difficulty to 

expand clones from single cells. 
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Figure 4.3: MHC class-I expression and endogenous hPAP expression and knock down of hPAP in LNCaP 
human cancer cell line. (A) Histogram of HLA-A2 expression. (B) Relative endogenous expression of hPAP. (C) 
Relative expression of the hPAP gene following knock down with shRNA. N=1 for each experiment. 
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4.2.1.3.B16F10 humanised murine cell line 

B16F10 are melanoma cells derived from C57Bl/6 mice and were engineered by Scancell Limited to 

express the chimeric HLA-A2 and HLA-DR1 molecules, as described in 2.2.1.1.1. Although melanoma 

cells, these are the only available cell line that can be used to establish tumours in the HHDII/DR1 

mice and therefore are being used as “proof of concept” in this study. Expression of the chimeric 

HLA-A2 and the HLA-DR1 molecules was confirmed by flow cytometry by a colleague by measuring 

the expression of the human β-2microglobulin and of the HLA-DR1 proteins (data not shown). As 

these cells do not express PAP protein, the hPAP gene was knocked-in to enable them to be used 

as target cells for the in vitro cytotoxicity assays and in vivo tumour studies. For this, the cell line 

was subjected to lentiviral transduction with both fraction 1 and 2 collected as described in 2.2.1.3.2. 

mRNA from the successfully transduced cells (selected in 1µg/mL of puromycin) was extracted to 

assess the expression of the hPAP gene by RT-PCR. Cells infected with both fractions showed a 

strong hPAP expression in comparison to the empty vector control transduced cells (Figure 4.4 A). 

Fraction 1, displaying an earlier Ct value, has a stronger expression of the hPAP gene. The expression 

was confirmed at the protein level by Western Blotting of supernatants from B16F10 cells, as PAP 

protein is mainly secreted (Figure 4.4 B). Indeed, the hPAP protein could not be detected from cell 

lysates (data not shown). 

 

Clones from single cells were grown from both the empty vector control and the fraction 1 

transduced cells. Six clones were expanded for each and the hPAP expression was assessed at the 

mRNA level. The clone number 5 displayed the highest hPAP expression (Figure 4.4 C). The 

expression was confirmed at the protein level by Western Blotting (Figure 4.4 D). B16F10 PAP clone 

5 cells was selected for subsequent studies. 
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Figure 4.4: Knock in of hPAP in B16F10 humanized murine cancer cell line. (A) Relative expression of the 
human PAP gene following knock in in B16F10 cell line. (B) Protein expression of the human PAP from 
supernatants following knock in in B16F10 cell line. (C) Relative expression of the human PAP following knock 
in in B16 cell line and cloning. (D) Protein expression of the human PAP in B16-HHDII-PAP+ clone 5 cells. N=1 
for each experiment. 

 

4.2.1.4.R-MAS and T2 cells 

T2 and R-MAS cells are deficient for TAP, and therefore cannot process and present any internal 

peptides which are TAP-dependant (Anderson, et al. 1993). As a consequence, any empty MHC 

class-I/beta2 microglobulin (beta2m) molecules reaching the surface of the cells are quickly 

disassembled and recycled. However, an exogenous peptide with sufficient binding affinity for the 

MHC-Class-I molecule can stabilise the MHC class-I/beta2m complex. The stable 

MHC/beta2m/peptide complex can then be indirectly detected by staining for MHC-Class-I 

molecules. The total number of MHC Class-I molecules on the surface of the cells reflects the 

number of peptides bound. T2 and R-MAS cells can be pulsed with short (class-I) peptides, so that 

the epitopes can be presented at the surface of HLA-A2 (T2) or H-2KbDb (R-MAS) MHC class-I 

molecules and be used as target cells during cytotoxicity assays. 

 

 



109 
 

4.2.1.4.1.Effect of overnight incubation of R-MAS and T2 cells at 26°C 

Incubation of R-MAS and T2 cells at 26°C increases the intensity of MHC class-I expression 

(Ljunggren, et al. 1990). This was confirmed by comparing the effect of overnight incubation of TAP-

deficient cells at 37° and at 26°C followed by a flow cytometry staining with anti-MHC class-I 

antibodies (HLA-A2 for T2 cells, H-2Kb-Db for R-MAS cells). In both cell lines, the expression of MHC 

class-I molecules increased by overnight incubation at 26°C (figure 4.5 A). 

 

4.2.1.4.2.T2 and R-MAS peptide binding assay 

The lowest concentration of short peptides necessary to obtain the highest number of 

peptide/MHC class-I stable complexes at the surface of R-MAS and T2 cells was determined by 

performing MHC peptide binding assays. Peptide binding assays were performed on cells which had 

been incubated overnight at 26°C. The assay was performed with ISI 9mer peptide for R-MAS H2-

Kb-Db+ cells and with ILL 9mer peptide for T2 HLA-A2+ cells. In both cases, 50µg/mL was found to be 

the concentration needed to reach a plateau in the MFI of MHC class-I molecules (Figure 4.5 B). 

 

Figure 4.5: Enhancement of T2 and R-MAS cell lines as class-I peptide presenting target cells. (A) Effect of 
overnight incubation at 26°C on MHC class-I expression of R-MAS and T2 cells. (B) Effect of increasing quantity 
of 9mer peptides on MHC class-I expression in R-MAS and T2 cells. N=1 for each experiment. 
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4.2.2. Capacity of vaccine induced T-cells to kill relevant target cells 

Following the generation of relevant target cells, the next step was to assess the capacity of vaccine-

induced T-cells to kill these target cells. To expand vaccine-specific T-cells, splenocytes were 

stimulated in vitro with either mitomycin treated LPS-blast cells previously pulsed with class-I 

peptides or with class-I peptides directly. The use of syngeneic LPS-irradiated blasts has been shown 

to induce the stimulation of T-cells and to generate effector cytotoxic and helper cells (Bjorklund, 

et al. 1986). The goal was to expend class-I peptide specific CD8+ T-cells which would then be able 

to recognize and kill target cells. Because total splenocytes were used for the cytotoxicity assays, 

the proportion of T-cells, CD4+ and CD8+ T-cells was assessed by flow cytometry (Figure 4.6 A). In 

the C57Bl/6 model, the proportion of CD8+ T-cells within total T-cells in vaccinated mice was ~70-

80% (Figure 4.6 A left), which was similar to the proportion of CD8+ T-cells in splenocytes from naïve 

mice. The proportion of CD8+ T-cells in the CAF09-based vaccine group was greater than that in the 

ImmunoBody®-based vaccine group. 

On the other hand, the increased proportion of CD8+ T-cells and decreased proportion of CD4+ T-

cells within the total T-cell population was vaccine-specific in the HHDII/DR1 model (Figure 4.6 A 

right). The proportion of CD8+ T-cells in the CAF09-based vaccine group was significantly higher than 

that in naïve and in other vaccinated groups. The CpG-based and the ImmunoBody®-based vaccines 

induced a non-significant increase in the proportion of CD8+ T-cells. 

Given the fact that CD8+ T-cells were shown to be activated by the vaccines in both models in 

Chapter 3, their expression of activating and inhibitory markers was determined. In the C57Bl/6 

model, both vaccines induced a significant increase of PD-1 expression and a non-significant 

increase in the proportion of PD-1/Tim3+ cells (Figure 4.6 B top graph). Other markers were not 

affected in a vaccine-specific manner, but GITR, LAG-3 and Tim-3 were increased in all groups in 

comparison to their expression before class-I epitope stimulation (Figure 3.5C and 3.8C versus 

Figure 4.6B). In the HHDII/DR1 model, the proportion of PD-1/Tim3+ cells was significantly increased 

in the CAF09-vaccine group (~90% of cells) and in the CpG-vaccine group (~60% of cells). GITR, LAG-

3 and Tim-3 were also increased in all groups, although there was a slight decrease of GITR in the 

CA09-vaccine group and a slight increase of OX40 in the CpG-vaccine group. Overall, the CAF09-

based vaccine induced the highest proportion of CD8+ T-cells and of PD-1/Tim3+ CD8+ T-cells in both 

models. 

 

The use of mitomycin-C treated peptide-pulsed LPS blasts or of class-I peptides alone to stimulate 

splenocytes did not change the number or the phenotype of T-cells, neither did it change the 

outcome of the cytotoxicity assay (compared in the case of T2 cells killing) (data not shown). 



111 
 

 

Figure 4.6: Effect of different vaccines on the proportion of CD4+ and CD8+ T-cells and on the phenotype of 
CD8+ T-cells following 6 days of in vitro stimulation in both mouse models. C57Bl/6 mice or HHDII/DR1 mice 
were immunised on days 1, 15 and 29 with either the CpG-based, the CAF09-based or the ImmunoBody®-
based PAP 42mer vaccine. Seven days after the last immunisation, splenocytes were isolated from spleens 
and incubated with either pulsed LPS-blast cells or class-I peptides alone. Six days later, splenocytes were 
incubated with a murine FcR block and then stained with surface antibodies for flow cytometry analysis 
indicating (A) proportion of CD4+ and CD8+ T-cells, (B) proportion of CD8+ T-cells expressing activating and 
inhibitory markers. The CAF09-based vaccine induced an increase of the proportion of CD8+ T-cells, and an 
increase in the proportion of PD-1 +/- Tim3+ CD8+ T-cells. Bars represent the mean percentage of positive 
cells and the error bars represent the SD. Results are representative of two to three independent experiments 
(n= 6 to 9 mice per test group). A significant difference between immunisation groups was determined using 
a two-way ANOVA comparison test. 
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4.2.2.1.HHDII/DR1 model 

4.2.2.1.1.Killing of ILL peptide-pulsed T2 cells  

The ability of splenocytes from mice vaccinated with the hPAP42mer mutated vaccines to lyse 

relevant target cells was assessed in vitro by performing a 51Cr release assay. To assess the capacity 

of splenocytes to specifically recognise the ILL 9mer epitope presented by an HLA-A2-expressing 

target cell, T2 cells previously pulsed with the ILL9mer peptide were used (Figure 4.7 A). Splenocytes 

from the CpG-vaccine immunised group and from the CAF09-vaccine immunised group were able 

to specifically lyse ILL-pulsed T2 cells, with a greater percentage of cytotoxicity against T2 ILL cells 

for the CAF09-vaccine group. There was no ILL-specific killing in the ImmunoBody®-vaccine nor in 

the naïve group. The proportion of CD8+ T-cells co-expressing PD-1, LAG-3 and Tim-3 correlated 

positively with the capacity of splenocytes to recognize and lyse ILL-pulsed T2 cells (Figure 4.7 B). 

 

4.2.2.1.2.Killing of B16-HHDII-PAP+ cells 

Similarly, the cytotoxic capacity of splenocytes from mice vaccinated with the hPAP42mer mutated 

vaccines against B16-HHDII-PAP+ cells was assessed (Figure 4.7 C). Although the cytotoxicity 

observed was not PAP-specific, the cytotoxic capacity of splenocytes from both the CAF09 and the 

ImmunoBody®-vaccine groups was greater than that of splenocytes from the CpG-vaccine group. 
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Figure 4.7: Cytotoxic capacity of splenocytes from vaccinated HHDII/DR1 mice against T2 cells -/+ ILL 
peptide and against B16-HHDII cells -/+ hPAP. HHDII/DR1 mice were immunised on days 1, 15 and 29 with 
either the CpG-based, the CAF09-based or the ImmunoBody®-based hPAP 42mer mutated vaccine. Seven 
days after the last immunisation, splenocytes were isolated from spleens and incubated with either pulsed 
LPS-blast cells or class-I peptides alone. Six days later, splenocytes were co-incubated with 51Cr labelled target 
cells for an incubation of 4hrs to overnight, at the end of which the radioactivity was measured to determine 
the percentage of cytotoxicity. (A) Percentage of cytotoxicity against T2 cells pulsed or not with ILL9mer 
peptide and (B) correlation between the percentage of CD8+ T-cells co-expressing PD-1, Tim-3 and LAG-3 and 
the percentage of cytotoxicity against T2-ILL cells at 100:1 ratio. (C) Percentage of cytotoxicity against B16 
cells -/+ hPAP. The CAF09 and the CpG-based vaccines induced ILL-specific killing against T2 cells. No PAP-
specific killing was observed against B16 cells. Dots represent the mean percentage of cytotoxicity and the 
error bars represent the SD. Results are representative of two to three independent experiments. A 
significant difference between immunisation groups was determined using a two-way ANOVA comparison 
test. 
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4.2.2.1.3.Killing of LNCaP HHDII cells 

The next step was to assess the capacity of vaccine-induced T-cells to lyse LNCaP cells naturally 

expressing the hPAP protein and transfected with the chimeric HLA-A2 molecule. This was firstly 

performed using a 51Cr release assay, however, results were inconclusive, both after 4 hours and 

after overnight incubation (data not shown). LNCaP cells are highly sensitive and the spontaneous 

cell death was high. It was therefore decided to perform a flow cytometry-based assay, which 

allows the direct detection of target cell death on an individual cell basis, therefore allowing a 

shorter time of co-incubation (3 hours). The cytotoxic activity of total splenocytes was assessed at 

similar effector cell : target cell ratios (minus the 100:1 ratio). No PAP-specific killing (Figure 4.8A 

upper graph) and no vaccine-specific killing (Figure 4.8A lower graph) was detected. The cytotoxicity 

effect of isolated CD8+ T-cells was measured at lower ratios: 5:1, 10:1 and 20:1. No significant PAP-

specific killing (Figure 4.8 B upper graph) and no vaccine-specific killing (Figure 4.8B lower graph) 

was observed, although cells from the CpG-vaccine and the CAF09-vaccine groups induced a higher 

percentage of cytotoxicity than cells from the naive, non-immunised group. 
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Figure 4.8: Killing of LNCaP HHDII -/+ hPAP cells by splenocytes from vaccinated HHDII/DR1 mice. 
HHDII/DR1 mice were immunised on days 1, 15 and 29 with either the CAF09-based or the CpG-based hPAP 
42mer 1 mutation vaccine. Seven days after the last immunisation, splenocytes were isolated from spleens 
and incubated with either pulsed LPS-blast cells or class-I peptides alone. Six days later, splenocytes were co-
incubated with PK26 fluorescent dye-labelled target cells for 3hrs, at the end of which the cytotoxicity of 
PK26+ cells was measured by flow cytometry. Percentage of cytotoxicity against LNCaP HHDII cells -/+ hPAP 
was measured when co-incubated with (A) total splenocytes or (B) isolated CD8+ T-cells. None of the vaccines 
induced PAP-specific killing. Dots represent the mean percentage of cytotoxicity and the error bars represent 
the SD. Results are representative of one experiment. A significant difference between immunisation groups 
was determined using a two-way ANOVA comparison test. 
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4.2.2.2.C57Bl/6 model 

4.2.2.2.1.Killing of R-MAS cells pulsed with ISI and SIW peptides 

The ability of splenocytes from mice vaccinated with the mPAP42mer 2 mutations vaccines to lyse 

relevant target cells was assessed in vitro using the 51Cr release assay. To assess the capacity of 

splenocytes to specifically recognise ISI9mer and SIW8mer epitopes presented by H2-Kb-Db-

expressing target cell, RMAS cells were previously pulsed with each epitope (Figure 4.9). To confirm 

the most immunogenic mPAP42mer peptide to be used in the vaccine, the experiment was 

performed with splenocytes from animals immunised with either the WT, the 2 mutations or the 3 

mutations mPAP42mer peptide with CAF09 adjuvant (Figure 4.9 A). As concluded in Chapter 3, the 

mPAP42mer 2 mutation peptide was the most immunogenic with significant specific killing 

achieved for all ratios with both peptide (ISI and SIW) in that group. The 3 mutations peptide also 

induced ISI and SIW peptides specific killing, but to a lesser extent and not in the case of the 100:1 

ratio. Despite displaying a lowest binding score and being recognised by lower avidity T-cells than 

ISI9mer (section 3.2.2.2.1), RMAS cells pulsed with the SIW8mer peptide induced a higher 

percentage of cytotoxicity than those pulsed with the ISI9mer peptide. 

 

The same experiment was performed to compare the cytotoxicity induced by the mPAP42mer 2 

mutations CAF09 or ImmunoBody®-vaccine approaches (Figure 4.9 B). Splenocytes from the CAF09-

vaccine group were able to induce ISI and SIW specific cytotoxicity down to an effector: target cell 

ratios of 12.5:1. However, the difference with the unpulsed RMAS cells was not as high as previously 

(Figure 4.9 A middle graph) as there is more variability due to the higher experimental (n) number. 

Splenocytes from the ImmunoBody®-vaccine group were able to induce ISI specific killing at the 

12.5:1 ratio, but there was no SIW specific killing (Figure 4.9 B right). 

 

To assess vaccine-specific induced killing, the percentage of RMAS ISI and RMAS SIW cytotoxicity 

induced by vaccines was compared with that induced using splenocytes from naïve mice (Figure 4.9 

C). In the case of ISI9mer epitope, only cells from the ImmunoBody®-vaccine group induced a 

significantly higher percentage of killing at ratios 12.5:1 and 50:1. In the case of SIW8mer epitope, 

both CAF09 and ImmunoBody® vaccines induced a significantly higher percentage of cytotoxicity at 

all ratios (except for ImmunoBody® group at 12.5:1 ratio). Overall, the SIW8mer epitope appears 

to be recognised better than ISI9mer epitope. 
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Figure 4.9: Killing of R-MAS cells pulsed with ISI / SIW peptides by splenocytes from vaccinated C57Bl/6 
mice. C57Bl/6 mice were immunised on days 1, 15 and 29 with either the CAF09-based or the ImmunoBody®-
based mPAP 42mer 2 mutations vaccine. Seven days after the last immunisation, splenocytes were isolated 
from spleens and incubated with either pulsed LPS-blast cells or class-I peptides alone. Six days later, 
splenocytes were co-incubated with 51Cr labelled target cells for 4hrs, at the end of which the radioactivity 
was measured to determine the percentage of cytotoxicity. Percentage of cytotoxicity against RMAS cells un-
pulsed or pulsed with ISI9mer or SIW8mer was measured according to (A) the mPAP42mer peptide sequence 
used for vaccination, (B) the delivery system and (C) in comparison to splenocytes from naive mice. The 2 
mutation mPAP42mer peptide induced more ISI and SIW-specific killing than other peptides. The CAF09-
based vaccine induced ISI and SIW-specific killing against RMAS cells. Dots represent the mean percentage of 
cytotoxicity and the error bars represent the SD. Results are representative of one to six independent 
experiments. A significant difference between immunisation groups was determined using a two-way ANOVA 
comparison test. 
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4.2.2.2.2.Killing of TRAMP-C1 and TRAMP-C2 cell lines 

The same experiment was performed with TRAMP-C1 and TRAMP-C2 cell lines as target cells, 

naturally expressing the mPAP. The cells knocked down for the mPAP gene were used as controls 

to assess the PAP-specificity of the cytotoxicity. 

 

As mentioned in section 4.2.1.1.1, the effect of IFNγ pre-treatment of TRAMP cells on their 

susceptibility to be killed in vitro was assessed. To this end, the capacity of splenocytes from mice 

immunised with either the CAF09 or the ImmunoBody®-based vaccine to kill TRAMP-C1 cells was 

tested. Regardless of the vaccine used, IFNγ pre-treatment of TRAMP-C1 cells lead to a higher 

percentage of cytotoxicity (Figure 4.10 A). Without IFNγ pre-treatment, splenocytes from the 

ImmunoBody®-vaccine group induced more killing, whereas with IFNγ pre-treatment, splenocytes 

from the CAF09-vaccine group induced a higher percentage of cytotoxicity. 

The observation that IFNγ pre-treatment of TRAMP-C1 renders them more susceptible to killing by 

splenocytes can be explained by the induction of immunoproteasome (Tanaka et Kasahara, 1998) 

in TRAMP-C1 cells which renders them more immunogenic through the presentation of different 

epitopes by MHC class-I molecules. 

 

To understand if the cytotoxicity observed was PAP-specific, the same experiment was performed 

using both the WT and the mPAP knocked down TRAMP-C1 cells. PAP-specific killing was observed 

in the CAF09-vaccine group at ratios 50:1 and 100:1, whereas it was only observed at the ratio 100:1 

in the ImmunoBody®-vaccine group (Figure 4.10 B). Surprisingly, the PAP-specific killing was almost 

exclusively observed when cells had not been pre-treated with IFNγ. These results led us to perform 

subsequent cytotoxicity assays without IFNγ pre-treatment. 
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Figure 4.10: Optimisation of killing assay using TRAMP-C1 cells -/+ mPAP and -/+ IFNg pretreatment, with 
splenocytes from vaccinated C57Bl/6 mice. C57Bl/6 mice were immunised on days 1, 15 and 29 with either 
the CAF09-based or the ImmunoBody®-based mPAP 42mer 2 mutations vaccine. Seven days after the last 
immunisation, splenocytes were isolated from spleens and incubated with either pulsed LPS-blast cells or 
class-I peptides alone. Six days later, splenocytes were co-incubated with 51Cr labelled target cells for an 
overnight incubation, at the end of which the radioactivity was measured to determine the percentage of 
cytotoxicity. Percentage of cytotoxicity against TRAMP-C1 cells was measured according to (A) IFNγ pre-
treatment and (B) PAP-specific killing. IFNγ pre-treatment increased the percentage of cytotoxicity. The 
CAF09-based vaccine induced PAP-specific killing against TRAMP-C1 cells without IFNγ pre-treatment. Dots 
represent the mean percentage of cytotoxicity and the error bars represent the SD. Results are representative 
of one to three independent experiments. A significant difference between immunisation groups was 
determined using a two-way ANOVA comparison test. 
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To determine if the PAP-specific TRAMP-C1 killing observed was due to the vaccine itself, the killing 

assay was also performed with splenocytes from unvaccinated naïve mice. Splenocytes from all 

three groups induced a higher percentage of cytotoxicity against the WT TRAMP-C1 cells in 

comparison to their knocked down counterpart (Figure 4.11 A), albeit non-significantly in the case 

of the ImmunoBody®-vaccine group. The same experiment performed on TRAMP-C2 cells 

demonstrated that only splenocytes from the CAF09-vaccine group lysed these cells in a PAP-

specific manner (Figure 4.11 B). However, there was a non-significant increase in the percentage of 

cytotoxicity against the WT TRAMP-C2 cells in the ImmunoBody®-vaccine group. Finally, the 

percentage of cytotoxicity against the WT TRAMP cells between the three groups was compared. 

There was no vaccine-specific killing against TRAMP-C1 cells, whereas in the case of TRAMP-C2 cells, 

the CAF09-vaccine induced a significantly higher percentage of cytotoxicity than the 

ImmunoBody®-vaccine or no vaccination (Figure 4.11 C). 
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Figure 4.11: Killing of TRAMP-C1 and 
TRAMP-C2 cells -/+ mPAP by splenocytes 
from vaccinated C57Bl/6 mice. C57Bl/6 
mice were immunised on days 1, 15 and 29 
with either the CAF09-based or the 
ImmunoBody®-based mPAP 42mer 2 
mutations vaccine. Seven days after the last 
immunisation, splenocytes were isolated 
from spleens and incubated with either 
pulsed LPS-blast cells or class-I peptides 
alone. Six days later, splenocytes were co-
incubated with 51Cr labelled target cells for 
an overnight incubation, at the end of which 
the radioactivity was measured to 
determine the percentage of cytotoxicity. 
(A) Percentage of cytotoxicity against 
TRAMP-C1 cells (A) and (B) TRAMP-C2 cells 
according to mPAP expression. (C) 
Percentage of cytotoxicity against WT 
TRAMP-C1 cells or WT TRAMP-C2 cells 
according to the vaccination. Both the 
CAF09-based vaccine and no vaccination 
were sufficient to induce PAP-specific killing 
against TRAMP-C1 cells. Only the CAF09-
based vaccine induced PAP-specific killing 
against TRAMP-C2 cells. Dots represent the 
mean percentage of cytotoxicity and the 
error bars represent the SD. Results are 
representative of one to three independent 
experiments. A significant difference 
between immunisation groups was 
determined using a two-way ANOVA 
comparison test. 
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4.3. Discussion 

The aim of this part of the project was to select the vaccine strategies inducing the strongest 

cytotoxicity against target cells in a PAP-specific manner. To achieve this, suitable target cells were 

prepared. The expression of MHC class-I molecules matching those of the mouse model was 

assessed qualitatively and quantitatively and modified when required. The expression of either the 

mPAP or the hPAP gene was assessed and modified through genetic modifications as per required. 

 

Prior to performing cytotoxicity assays, total splenocytes were enriched in class-I peptide specific 

CD8+ T-cells by 6 days of in vitro stimulation in the presence of class-I peptides and of IL-2. IL-2 

cytokine has been shown to control the proliferation and differentiation of T-cells (Ross, et al. 2018) 

and to promote the expansion of CD8+ CTLs (Ross, et al. 2016). Although the peptide-specificity of 

CD8+ T-cells was not assessed, their proportion and phenotype were. The in vitro stimulation led to 

an overall increase of CD8+ T-cells in both models, in comparison to their proportion in freshly 

isolated splenocytes. However, this increase was only vaccine-induced in the HHDII/DR1 model, in 

which the percentage of CD8+ T-cells within T-cells in naive mice went from 6% (freshly isolated 

splenocytes) to 29% (after 6 days in vitro stimulation), whereas it went from 15% to 78% in the case 

of cells from CAF09-vaccine immunised mice. In the C57Bl/6 model, the proportion of CD8+ T-cells 

in naïve mice went from 37% to 76%, from 43% to 78% in CAF09-vaccine immunised mice and from 

42% to 74% for ImmunoBody®-vaccine immunised mice, reaching approximately the same 

proportion after 6 days of stimulation. These results suggest that the presence of IL-2 in the culture 

had a major role in inducing the proliferation of CD8+ T-cells. Indeed, IL-2 has been shown to induce 

the proliferation of CD8+ T-cells in an antigen-independent manner (Wong, et al. 2001; Wong, et al. 

2004). An overall increase in the proportion of CD44highCD62Lneg effector memory CD8+ T-cells was 

observed after the in vitro expansion, in all groups (data not shown), reinforcing the fact that the 

IL-2 induced an antigen-independent proliferation of CD8+ T-cells. However, the proportion was 

higher in the vaccinated groups (mainly CAF09-based vaccine in the HHDII/DR1 model), suggesting 

a clonal expansion and differentiation of ILL-specific CD8+ T-cells. These results correlate with the 

hypothesis made in the previous chapter, that the CAF09-based vaccine induces antigen-

nonspecific CD8+ memory T cells with non-MHC restricted cytotoxic capacities. Dhanji et al. 

described a subset of IL-2-activated CD8+ CD44high cells displaying significant levels of activating NK 

receptors (2B4 and NKG2D) that are capable of specifically killing syngeneic tumour cells in a 

NKG2D-dependant manner (Dhanji, et al. 2003). These cells expressed receptors of both the innate 

and the adaptive immune system. Therefore, it would have been of interest to assess by flow 

cytometry whether the proportion of innate cells had increased as a result of the in-vitro 

stimulation. 
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Regarding the phenotype of expanded CD8+ T-cells, the main difference observed between the 

groups in both models was the induction of PD-1 expression. As discussed in the previous chapter 

(Section 3.3), the meaning of PD-1 expression is controversial, being described as an activation 

marker and as a marker of dysfunction/exhaustion. However, its co-expression with other inhibitory 

markers such as LAG-3 and Tim-3 is a sign of exhaustion (He, et al. 2019). In the HHDII/DR1 model, 

PD-1 was co-expressed with Tim-3 and LAG-3: 64% for CpG group and 87% for CAF09 group. In the 

C57Bl/6 group, only 27% of CD8+ T-cells exhibited this exhausted phenotype in the CAF09 group 

and 25% in the ImmunoBody® group, with some CD8+ T-cells expressing PD-1 on its own. Unlike 

others (Wang, et al. 2019), we did not observe the expression of CTLA-4 molecule. 

It would have been of interest to assess the expression of exhaustion markers after resting of T-

cells, to determine if the exhausted phenotype observed is reversible or permanent. 

 

These results suggest that the CAF09-vaccine in the HHDII/DR1 model mainly induces CD8+ T-cells 

displaying an exhausted phenotype. Exhausted T-cells are commonly described as dysfunctional T-

cells having lost their proliferative potential, their capacity to secrete cytokines, their memory 

phenotype, their cytotoxic capacities and expressing inhibitory receptors (Wherry, et al. 2015) 

(Maimela, et al. 2019). Tim-3 in particular has been described as a negative regulator of CD8+ T-cell 

induced cytotoxicity in the context of HIV infection, despite the fact that Tim-3-expressing CD8+ T-

cells still contained high levels of perforin (Sakhdari, et al. 2012). Others have shown that 

“exhausted” T-cells from patients with Chronic Lymphoid Leukaemia (CLL) retained their ability to 

secrete cytokines (Riches, et al. 2013). On the other hand, in the context hepatocellular carcinoma, 

“exhausted” T-cells displayed lower secretory capacities (Wang, et al. 2019). 

 

The present findings show that vaccine-induced CD8+ T-cells co-expressing inhibitory markers 

displayed a memory phenotype and were capable of cytotoxicity in an antigen-dependant manner, 

although cytotoxicity assays were performed on total splenocytes (except for LNCaP killing). The 

proliferative and secretory functions of CD8+ T-cells upon ILL recognition were not studied. 

 

As stated above, splenocytes from the CAF09-vaccine group lysed ILL-presenting cells in a highly 

specific manner, far better than splenocytes from CpG-vaccinated mice, whereas splenocytes from 

naïve or ImmunoBody®-vaccinated mice did not induce any cytotoxicity. The positive correlation 

between the presence of exhausted CD8+ T-cells and the cytotoxicity against T2-ILL cells 

demonstrate the cytotoxic capacities of vaccine-induced CD8+ T-cells. Taken together, these results 

suggest that CD8+ T-cells are responsible for the cytotoxicity observed and confirm the findings 

presented in the last chapter demonstrating that the CAF09-vaccine induced CD8+ T-cells express 

both CD107a and Granzyme B (markers of degranulation) and display cytotoxic capacities. 
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Although lysis of B16 cells observed was not influenced by the expression of the hPAP protein, the 

cytotoxicity appeared to be enhanced by vaccination. The CpG-vaccine induced almost no 

cytotoxicity, whereas the ImmunoBody®-vaccine and the CAF09-vaccine induced similar levels of 

cytotoxicity. The cytotoxicity of cells from non-immunised animals would be required to confirm 

this. 

 

As discussed earlier, the CAF09-based vaccine might induce antigen non-specific CD8+ memory T 

cells displaying non-MHC restricted cytotoxic capacities. Although this could be responsible for the 

killing of B16 cells -/+ hPAP, it does not explain the induction of cytotoxicity against B16 cells in the 

ImmunoBody®-vaccine group. These results suggest the possibility that ILL epitope is not presented 

at the surface of B16-HHDII-PAP cells. Considering that these cells do not naturally express PAP, its 

processing might be different and lead to different epitopes being presented, epitopes that are not 

contained in the 42mer sequences and therefore that T-cells from vaccinated animals have not yet 

encountered. 

 

One can also hypothesise that the cytotoxicity observed is due to another cell type, for example NK 

cells. These cells do not induce cytotoxicity in an antigen-dependant manner (Topham, et al. 2009) 

and their proliferation is also induced by IL-2 (Sharma, et al. 2018). However, their presence within 

splenocytes was not assessed following the in vitro stimulation. 

 

The cytotoxicity of LNCaP cells was neither PAP- nor vaccine-dependant. The isolation of CD8+ T-

cells reduced the percentage of cytotoxicity suggesting that cells other than CD8+ T-cells were 

responsible for the killing when performed with total splenocytes. In that context, results observed 

suggest that the toxicity might be vaccine-dependant although there was no significant difference. 

Olson et al. (Olson, et al. 2010) demonstrated that ILL epitope is not a naturally processed epitope 

specific for PAP and that ILL-specific CTLs cannot lyse LNCaP cells in an HLA-A2 restricted manner. 

However, Machlenkin et al. showed that ILL-specific CTLs could kill LNCaP cells and concluded that 

ILL was naturally processed and presented by LNCaP cells (Machlenkin, et al. 2005). Unlike for B16 

cells, PAP protein is naturally expressed in LNCaP cells, however we cannot conclude with our 

results if the ILL epitope is presented at their surface. It is important to remember that these LNCaP 

cells express the HLA-A2 and the chimeric HLA-A2 molecules. 

 

The absence of significant differences between the killing of two LNCap cell types (PAP+ and PAPlow) 

could be explained by the fact that the cells were ‘knocked down’ rather than ‘knocked out’ for PAP 

and therefore still express PAP. The qPCR data showed there is still 6.65% of PAP mRNA in 
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comparison to the cells transfected with the empty vector plasmid. Therefore, the expression at 

the protein level could be high enough for a similar number of ILL-HLA-A2 complexes to be 

presented at their surface. A knockout of PAP within LNCaP cells would answer this question and 

an HLA-A2 blocking antibody would be needed to conclude if the lysis was HLA-A2 restricted. 

 

In the C57Bl/6 model, both vaccine strategies induced class-I peptide-specific killing, but the CAF09-

vaccine induced a higher peptide-specific killing with both ISI9mer and SIW8mer peptides. Similarly, 

the CAF09-vaccine induced the highest percentage of PAP-specific killing of TRAMP-C1 and TRAMP-

C2 cells in comparison to the ImmunoBody®-vaccine or to the “no vaccine” control. These results 

corroborate findings from the last chapter demonstrating that CAF09-vaccine induced a higher 

percentage of CD8+ T-cells expressing both CD107a and Granzyme B, in comparison to the 

ImmunoBody®-vaccine. 

 

One can therefore hypothesize that in this model, the CAF09-vaccine induces CD8+ T-cells with 

higher cytotoxic capacities, whereas the ImmunoBody®-vaccine induces CD8+ T-cells with higher 

capacity to proliferate and secrete cytokines. It would be worth assessing what would happen if 

one was to immunise mice first with ImmunoBody®-based vaccine and then boost with CAF09-

based vaccine. 

As for the LNCaP cells, TRAMP cells were only knocked down for the mPAP gene. This need to be 

taken into consideration as the TRAMP-PAPlow cells could still present some class-I epitopes-MHC 

class-I complexes on their surface and be recognized and lysed specifically. 

 

TRAMP-C1 and TRAMP-C2 cells, do not express naturally detectable H2-KbDb MHC class-I molecules 

on their surface, which limits the capacity of CD8+ T-cell's TCR to bind to peptide-loaded MHC class-

I molecules and to induce cytotoxicity in these cells. IFNγ pre-treatment of TRAMP cells increased 

the number of H2-KbDb MHC class-I molecules on their surface which increased the cytotoxicity of 

these cells, despite the concomitant expression of PD-L1 molecule. However, these conditions did 

not demonstrate PAP-specific killing. 

 

The fact that cytotoxicity against TRAMP cells could be observed without IFNγ pre-treatment 

suggests that CD8+ T-cells secreted IFNγ during the overnight co-culture of TRAMP-cells and 

splenocytes, leading to the upregulation of H2-KbDb MHC class-I molecules. Indeed, in the previous 

chapter, CD8+ T-cells were shown to secrete IFNγ within 6 hours of class-I peptide stimulation, and 

although it was not quantified, the level of IFNγ secreted might be sufficient. In order to confirm 

this, the level of MHC class-I expression on TRAMP cells should have been assessed after in vitro co-

culture with splenocytes. 
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One can hypothesize that ISI9mer and SIW8mer epitopes are presented by TRAMP-C1 and TRAMP-

C2 cells and that there are more epitope/MHC-complexes present at the surface of TRAMP-C2 cells, 

as these cells express higher levels of PAP mRNA than TRAMP-C1 cells. This could explain the 

observed PAP-specific and vaccine-specific lysis against TRAMP-C2 but not TRAMP-C1 cells. 

 

ISI-specific CTLs capable of killing ISI-pulsed RMAS cells as well as TRAMP-C1 have been described 

by Spies et. al (Spies, et al. 2012), In these studies, a PAP-based DNA vaccine could induce ISI-CTLs 

capable of IFNγ secretion and detectable by pentamers, and had the capacity to induce the 

regression of TRAMP-C1 tumours and to inhibit the growth of spontaneous tumours in TRAMP mice. 

 

It has been reported that the knockdown of PAP expression allows androgen-sensitive prostate 

cancer cells to develop the castration-resistant phenotype having the capacity to proliferate under 

an androgen-reduced condition (Muniyan, et al. 2013). Hence, PAP has a major role in the growth 

of prostate cancer cells. Although we did not observe differences in the proliferation of WT versus 

knock down cells (LNCaP, TRAMP-C1 and TRAMP-C2 cells), this should be taken into consideration. 

 

In conclusion, these results demonstrated that the vaccine was able to induce the PAP-specific lysis 

of target cells in vitro. The mPAP42mer and the hPAP42mer CAF09-based vaccines induced 

splenocytes capable of recognising PAP42mer-derived class-I epitopes presented by T2 and RMAS 

cells, respectively. Moreover, these splenocytes were also able to recognise and kill TRAMP-C1 and 

TRAMP-C2 cells in a PAP-specific manner. On the other hand, the mPAP42mer ImmunoBody®-

based vaccine induced splenocytes much weaker in term of cytotoxicity. These results, together 

with the results obtained from the previous chapter, justified the assessment of the CAF09-based 

vaccine in the HHDII/DR1 tumour model and with both the CAF09 and the ImmunoBody®-based 

vaccine in the C57Bl/6 tumour model. In the next chapter, the effect of the vaccines on the in vivo 

anti-tumour capacity of immune cells was assessed in prophylactic and in therapeutic settings. 
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Chapter 5: Assessment of the anti-tumour capacity of the PAP42mer 
vaccine in vivo 

5.1. Introduction 

The fact that a vaccine is capable of inducing a strong PAP-specific immune response in non-tumour 

bearing animals does not necessarily mean that the same proportion of PAP-specific T-cells can be 

induced in tumour-bearing animals and that the vaccine can elicit protective anti-tumour immunity. 

Indeed, even if cells migrate to the TME, they might face immuno-suppressive mechanisms that 

would render them non-functional/exhausted, incapable of recognizing their cognate antigen or 

incapable of initiating CTL functions when they do. 

 

The prostate cancer TME has been described as predominantly immunosuppressive. Indeed, an 

abundance of TGF-β in PCa tumours has been reported and shown to inhibit NK cell-mediated 

cytotoxicity (Pasero, et al. 2016). Moreover, overexpression of TGF-β in comparison to benign 

prostates correlates with Gleason scores ≥7 of poor prognosis (Reis, et al. 2011) and metastatic 

stages (Adler, et al. 1999). The presence of Tregs (Miller, et al. 2006), Th17 cells (Sfanos, et al. 2008), 

MDSCs (Garcia, et al. 2014) and of PD-L1/PD-L2-expressing DCs (Bishop, et al. 2015) has been 

observed in tumours from patients with prostate cancer. The dysfunction of T-cells has also widely 

been described in prostate cancer (Ness, et al. 2014; Sfanos, et al. 2009; Ebelt, et al. 2008) as has a 

linkage between the presence of TILs and poor prognosis (Ness, et al. 2014; Leclerc, et al. 2016). 

These facts illustrate the main challenge when developing a cancer vaccine for PCa: inducing an 

immune response sufficiently strong to outperform the immunosuppressive mechanisms put in 

place in the TME. 

Murine tumour models are therefore essential to assess the anti-tumour efficacy of a cancer 

vaccine. The anti-tumour efficacy can be assessed in two different setting: prophylactic or 

therapeutic. Although prophylactic studies can determine if a vaccine can elicit vaccine-specific T-

cells capable of recognising and lysing tumour cells in vivo and prevent tumour growth, they do not 

mimic the clinical situation of patients presenting established tumours. 

On the contrary, although more challenging, therapeutic models better mimic the clinical situation 

of cancer patients. Two situations could indicate an efficient anti-tumour response, either the 

slowing down of tumour growth or the regression of tumours. However, the most crucial outcome 

when performing these studies is survival. Assessing the TILs present in tumours helps 

understanding the efficacy of a vaccine, by measuring the functionality and exhaustion status of 

these cells. 
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In the previous chapters, both ImmunoBody® and CAF09 PAP-derived vaccine strategies were 

shown to induce functional PAP-specific CD8+ T-cells and PAP-specific killing of target cells. The aim 

of the work presented in this chapter was to develop tumour models in which the anti-tumour 

efficacy of selected vaccine strategies could be assessed. Moreover, the vaccine-specific immune 

response was evaluated by studying the presence and the phenotype of T-cells from the spleen as 

well as TILs. 

Two established tumour models were chosen for the C57Bl/6 mouse model - implantation of 

tumorigenic TRAMP-C1 or TRAMP-C2 cells. The HHDII/DR1 model involved the implantation of the 

engineered B16 cells (humanised and expressing hPAP). In each model, the anti-tumour efficacy of 

the most potent vaccine strategies, identified in the previous chapter, were assessed both in the 

prophylactic and therapeutic settings. Findings from these studies provide insight into whether the 

PAP42mer vaccine can slow down or eradicate PAP-expressing tumours. This information is crucial 

for understanding whether the vaccine has therapeutic and translational potential for patients with 

prostate cancer. 

Tumour studies were conducted according to the Home Office regulations. The endpoint was based 

on the tumour size and animals were culled when tumours reached the maximum size permitted 

under the Home Office PPL Licence (1.2cm mean diameter for prophylactic studies and 1.5cm mean 

diameter for therapeutic studies). Besides tumour growth, the effect of each vaccine strategies on 

the survival of animals was compared. Survival was however directly related to the tumour growth. 
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5.2. Results 

5.2.1. B16F10 model in HHDII/DR1 mice 

The first step to establish the B16-HHDII-PAP tumour model was to assess the number of cells 

required to obtain tumour growth in 100% of mice. Injecting 0.25x106 cells per animal resulted in 

13% of animals not developing tumours while doubling this number (0.5x106 cells/animal) led to an 

overly rapid tumour growth which would allow insufficient time to assess the anti-tumour efficacy 

of the vaccine (data not shown). The optimal number was found to be 0.3x106 cells per animal and 

was used for subsequent experiments. 

 

5.2.1.1.Prophylactic setting 

The anti-tumour efficacy of the hPAP42mer mutated peptide vaccine was firstly assessed in a 

prophylactic setting (Figure 5.1). For this, animals were immunised three times according to the 

immunisation protocol shown Figure 5.1 A and challenged a week later with 0.3x106 B16-HHDII-

PAP+ cells per mouse. The first group of animals did not receive any immunisation to assess the 

effect of the CAF09 adjuvant on its own. The effect of the CAF09 vaccine (CAF09 adjuvant with the 

hPAP42mer mutated peptide) on tumour growth was compared to that in a group which was not 

immunised and the group receiving CAF09 alone. All animals ultimately had to be culled due to 

tumour size. The tumour growth showed that animals developed tumours between day 11 and day 

25, regardless of the group (Figure 5.1 A). One animal from the CAF09 alone group (6%) and 3 

animals from the CAF09 vaccine group (16%) developed tumours after day 25. However, once 

tumours were measurable, the growth rate was similar. There was a non-significant increased 

survival of 3 days in the CAF09 alone treated group in comparison to the control group (figure 5.1 

B). The survival of the CAF09 vaccine treated group was prolonged by 10 days in comparison to the 

control group and by 7 days in the CAF09 alone group, although none of the two were significant. 

Overall, 16% of vaccine-treated animals displayed a tumour growth delay. 
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Figure 5.1: Effect of the hPAP 42 mutated sequence with CAF09 adjuvant on B16-HHDII-PAP+ tumour 

growth in a prophylactic setting in HHDII/DR1 mice. HHDII/DR1 mice were immunised on days 1, 15 and 29 

with the CAF09 adjuvant alone or with the CAF09-based hPAP 42mer mutated vaccine. Seven days after the 

last immunisation, 0.3x106 B16-HHDII-PAP+ cells were implanted into the right flank of animals and tumour 

growth followed. (A) Individual tumour growth monitored by callipers measurements and (B) Kaplan-Meier 

curve of OS. The CAF09 vaccine prolonged the survival of animals in comparison to control groups, although 

this was not of statistical significance. Three independent experiments performed. 
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When tumours reached the maximum size permitted under the Home Office PPL Licence, spleens 

and tumours were taken to study the status and function of CD4+ and of CD8+ T-cells. As 

demonstrated Chapter 3, the CAF09 vaccine induced a CD8+ T-cell driven immune response (Figure 

5.2). CD4+ T-cells were not affected by the vaccine (data not shown). The vaccine induced an 

increase in the proportion of CD8+ T-cells within the peripheral T-cell compartment and an increase 

of effector memory CD8+ T-cells (Figure 5.2 A). Although immunisation also induced high levels of 

PD-1 expression on CD8+ T-cells (Figure 5.2 B), it had no effect on the expression of other inhibitory 

markers. A proportion of CD8+ T-cells secreted IL-2, IFNγ and TNFα and degranulated (CD107a) in 

response to ILL peptide stimulation (Figure 5.2 C). Increased expression of Granzyme B by CD8+ T-

cells in a peptide-independent manner was also observed in the CAF09 vaccine group. 
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Figure 5.2: Effect of the hPAP42mer mutated CAF09-based vaccine on the phenotype of splenocytes from 
HHDII/DR1 mice bearing B16-HHDII-PAP+ tumours in a prophylactic setting. HHDII/DR1 mice were 
immunised on days 1, 15 and 29 with the CAF09 adjuvant alone or with the CAF09-based hPAP 42mer 
mutated vaccine. Seven days after the last immunisation, 0.3x106 B16-HHDII-PAP+ cells were implanted into 
the right flank of animals and tumour growth followed. Once the tumour size limit was reached, spleens were 
taken, dissociated, incubated with a murine FcR block and then stained with surface antibodies for flow 
cytometry analysis indicating (A) proportion of CD8+ T-cells and proportion of effector memory CD8+ T-cells, 
(B) proportion of CD8+ T-cells expressing activating and inhibitory markers or (C) proportion of CD8+ T-cells 
secreting cytokines and degranulating after ILL stimulation for 6 hours. The CAF09 vaccine induced a CD8+ T-
cell driven immune response with cytokines secretion and degranulation of CD8+ T-cells upon stimulation. 
Bars represent the mean percentage of positive cells and the error bars represent the SD. Two to three 
independent experiments performed (n= 9 to 15 mice per test group). A significant difference in the 
proportion of positive cells between immunisation groups was determined using a two-way ANOVA 
comparison test. 
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To understand if the vaccine was responsible for the delay observed, the status and function of TILs 

was studied. The results observed were different from those observed in splenic CD8+ T-cells. A 

higher proportion of CD8+ T-cells was found in the tumour (approximately 40% on average), 

inversing the CD4/CD8 ratio: the proportion of CD8+ T-cells was higher than that of CD4+ T-cells. 

Moreover, the proportion of CD8+ T-cells was increased in the CAF09 vaccine group, although this 

difference was not of statistical significance (Figure 5.3 A). CD8+ TILs from the CAF09 vaccine group 

displayed a slightly less exhausted phenotype, in that a lower proportion of cells expressed LAG-3, 

Tim-3 and PD-1 at high levels (Figure 5.3 B). Inversely, there were more PD-1low CD8+ T-cells in the 

CAF09 vaccine group. Unexpectedly, expression of the activation markers GITR and OX-40 was also 

slightly decreased in the CAF09-vaccine group. There was an increase in the proportion of CD8+ T-

cells secreting IFNγ and TNFα, particularly in 2 mice, but no IL-2 secretion (Figure 5.3 C). A higher 

proportion of CD8+ T-cells expressed CD107a in response to ILL in comparison to the control group, 

but there was no increase of Granzyme B expression. Overall, there were less cytokines-secreting 

CD8+ T-cells in the tumour than in the spleen. 
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Figure 5.3: Effect of the hPAP42mer mutated CAF09-based vaccine on the phenotype of tumour infiltrating 
lymphocytes in B16-HHDII-PAP+ tumours in HHDII/DR1 in a prophylactic setting. HHDII/DR1 mice were 
immunised on days 1, 15 and 29 with the CAF09 adjuvant alone or with the CAF09-based hPAP 42mer 
mutated vaccine. Seven days after the last immunisation, 0.3x106 B16-HHDII-PAP+ cells were implanted into 
the right flank of animals and tumour growth followed. Once the tumour size limit was reached, tumours 
were taken, dissociated, incubated with a murine FcR block and then stained with surface antibodies for flow 
cytometry analysis indicating (A) proportion of CD4+ and CD8+ T-cells and proportion of effector memory CD8+ 
T-cells, (B) proportion of CD8+ T-cells expressing activating and inhibitory markers or (C) proportion of CD8+ 
T-cells secreting cytokines and degranulating after ILL stimulation for 6 hours. The CAF09 vaccine induced a 
CD8+ T-cell driven immune response with cytokine secretion and degranulation of CD8+ T-cells upon 
stimulation. Bars represent the mean percentage of positive cells and the error bars represent the SD. Two 
to three independent experiments performed (n= 9 to 15 mice per test group). A significant difference in the 
proportion of positive cells between immunisation groups was determined using a two-way ANOVA 
comparison test. 
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5.2.1.2.Therapeutic setting 

Considering the unclear effect of the CAF09 vaccine on the growth of B16-HHDII-PAP+ tumours in a 

prophylactic setting and the large proportion of CD8+ T-cells expressing PD-1 in the spleen and in 

the tumour, its effect was assessed in a therapeutic setting in combination with an anti-PD-1 

antibody. Treatment started at day 4 post tumour implantation, before tumours were palpable, 

due to the rapid and aggressive phenotype of the B16 tumour model. 

Tumour growth showed that animals developed tumours between day 14 and day 18, regardless 

of the group (Figure 5.4 A). One animal from the CAF09 alone + anti-PD-1 antibody group and 1 

animal from the CAF09 vaccine group developed tumours after day 31. The growth rate was similar 

in all test groups. There was no significant difference in survival between any groups (Figure 5.4 B). 

However, in comparison to the control group (CAF09 alone and isotype control) the anti-PD1 

antibody increased the survival of 8 days, the vaccine alone of 11 days and the combination of the 

two increased the survival of 4 days. There was no combinatorial effect of the vaccine with the anti-

PD-1 antibody. 

 

The proportion of CD8+ T-cells within the spleen and the tumour was assessed, but no difference 

was observed between the groups (Figure 5.4 C). Also, due to technical difficulties, the flow 

cytometry could not be performed on all animals rendering the results less reliable. 
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Figure 5.4: Effect of the hPAP42mer mutated CAF09-based vaccine in combination with an anti PD-1 

antibody on tumour growth and immune responses in HHDII/DR1 bearing B16-HHDII-PAP+ tumours in a 

therapeutic setting. HHDII/DR1 mice were injected with 0.3x106 B16-HHDII-PAP+ cells into their right flank, 

then immunised on days 4, 8, 12 and 18 with the CAF09 adjuvant alone or with the CAF09-based hPAP 42mer 

mutated vaccine and with the isotype control or with anti-PD-1 antibody while the tumour growth was 

followed. (A) Individual tumour growth monitored by calliper measurements, (B) Kaplan -Meier curve of OS 

and (C) proportion of splenic CD8+ T-cells and of CD8+ TILs at the time of culling of each an-Meier curve of 

OS and (C) proportion of splenic CD8+ T-cells and of CD8+ TILs at the time of culling of each animal. The CAF09 

vaccine alone and the anti-PD1 antibody alone prolonged the survival of animals in comparison to other 

groups, but no statistical difference was observed. Two independent experiments performed. 
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5.2.2. TRAMP-C1 and TRAMP-C2 tumour model in C57Bl/6 mice 

5.2.2.1.TRAMP-C1 and TRAMP-C2 tumour model establishment 

Several issues were encountered when establishing both the TRAMP-C1 and the TRAMP-C2 tumour 

models. TRAMP-C1 cells were obtained from a collaborator (Matteo Bellone). These cells were 

isolated from TRAMP-C1 tumours and grown in culture to render them more tumorigenic and to 

facilitate tumour implantations. The number of cells needed to obtain tumour growth in 100% of 

mice was assessed. Three concentrations were tested: 1, 2 and 5x106 cells per animal, with 5x106 

cells being found to be the optimal number of cells required. Although not 100% of mice developed 

tumours, this cell number was used for subsequent experiments. However, after a short time, cells 

ceased developing tumours. Thus, TRAMP-C1 and TRAMP-C2 cells were obtained from the ATCC. 

Both cell lines were transfected with the Luciferase2 gene to follow the tumour growth with more 

accuracy, as well as to potentially develop an orthotopic model by injecting the TRAMP cells directly 

into the prostate of C57Bl/6 males. The expression of the LUC2 gene was confirmed (data not 

shown). However, tumour implantation with 5x106 cells per animal did not result in tumour 

development. Animals were imaged a day after tumour implantation and the signal was followed 

weekly. The Luciferin signal decreased from the tumour implantation until becoming undetectable 

(data not shown). This can be explained by the immunogenicity of the Luciferase2 protein, inducing 

an immune reponse against that foreign antigen and resulting in tumour rejection. 

 

Various parameters were modified to increase the tumorigenicity of TRAMP cells: cells were 

implanted 1) into old (immuno-depressed) animals, 2) into immuno-suppressed NOD/SCID mice 

and 3) with 10 and 50% Matrigel™ to facilitate the attachment of the cells. 

Nonetheless, all these attempts were unsuccessful. Therefore, our collaborator (Matteo Bellone) 

kindly gave us TRAMP-C1 cells which had been obtained from TRAMP-C1 tumours, grown in culture 

and then implanted back into C57Bl/6 animals multiple times. Tumours were obtained from these 

cells and cells were isolated from these tumours, grown in culture and stored for future use. 

Unfortunately, the TRAMP-C2 tumour model could never be established, restricting our tumour 

studies to the TRAMP-C1 tumour model. 

 

5.2.2.2.Therapeutic setting 

A first pilot study assessed the anti-tumour effect of mPAP42mer vaccines against established 

TRAMP-C1 tumours.  Treatment started when 33% of animals had tumours measurable by callipers 

(4 out of 12 animals), on day 17 post tumour implantation. Mice that did not receive any treatment 

were used as a control for the CAF09-based vaccine and for the ImmunoBody®-based vaccine. The 

tumour growth rate was similar in all groups (Figure 5.5 A). One animal in the CAF09 vaccine group 

started developing a tumour at day 46 post tumour-implantation and exhibited a slower growth 
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rate. Its survival was prolonged by 29 days in comparison to the last animal of the control group 

(day 48 versus day 77) and by 27 days in comparison to the last animal of the ImmunoBody® vaccine 

group (day 50 versus day 77) (Figure 5.5 B). 

 

Although there was no statistically significant difference between groups, 25% (1 out of 4 animals) 

of the animals immunised with the CAF09 vaccine had a tumour growth delay and therefore an 

increased survival, while none responded to the ImmunoBody® vaccine. The proportion of splenic 

CD8+ T-cells was unchanged between groups, neither was the proportion of CD8+ TILs. However, 

the proportions of CD8+ T-cells in the CAF09 vaccine treated animal which had a delay in tumour 

growth was also unchanged. Moreover, splenic CD8+ T-cells and CD8+ TILs from this animal did not 

secrete cytokines or degranulate in response to ISI9mer and SIW8mer peptides stimulation in vitro 

(data not shown). These results suggest that the vaccine was not responsible for the tumour growth 

delay; however, the delay in tumour growth might be explained by an incorrect subcutaneous 

injection of tumour cells at the day of tumour implantation or by the heteregenous tumour growth 

pattern observed with TRAMP-C1 as discussed section 5.2.2.1. 
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Figure 5.5: Pilot study: effect of the mPAP42mer mutated CAF09 and ImmunoBody®-based vaccines on 

tumour growth and immune parameters in C57Bl/6 mice bearing TRAMP-C1 tumours in a therapeutic 

setting. C57Bl/6 mice were injected with 5x106 TRAMP-C1 cells into their right flank, immunised on days 17, 

24, 31 and 38 with the CAF09-based or the ImmunoBody®-based mPAP 42mer mutated vaccine while the 

tumour growth was followed. (A) Individual tumour growth monitored by callipers measurements, (B) Kaplan-

Meier curve of OS and (C) proportion of splenic CD8+ T-cells and of CD8+ TILs at the time of culling of each 

animal. The CAF09 vaccine prolonged the survival of one animal in comparison to other groups, but no 

statistical difference was observed. One experiment performed. 
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The immunisation regimen was slightly modified in order to leave a similar prime-boost gap as the 

one when assessing the vaccine in Chapter 3, by treating animals every 14 days. Due to the length 

of this regimen, it was decided that animals would only receive prime and boost immunisations. 

However, when the experiment was performed, there was no tumour growth in any group (data 

not shown). The next experiment was conducted using the frozen cells from untreated tumours 

from another study. This experiment contained two extra groups. A group of mice immunised with 

the CAF09 adjuvant alone, to assess the effect of the adjuvant alone and to be used as a control 

group for the CAF09 vaccine group and another group of mice receiving only a prime of the CAF09 

vaccine, as it was suggested that booster immunisations might be detrimental in the therapeutic 

setting (Ricupito, et al. 2013).  

 

Due to a faster tumour growth rate observed, animals received the ‘prime’ immunisation 8 days 

post tumour-implantation instead of 17 days in the case of the pilot study. Nonetheless, none of 

the treatment strategies induced a delay in the tumour growth (Figure 5.6 A). Tumours appeared 

between day 7 and day 45, regardless of the treatment received. As a result, none of the vaccine 

induced a prolonged survival (Figure 5.5 B). The proportions of splenic CD8+ T-cells and of CD8+ TILs 

were similar in all groups (Figure 5.5C). 
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Figure 5.6: Effect of the mPAP42mer mutated CAF09 and ImmunoBody®-based vaccines on tumour growth 

and immune parameters in C57Bl/6 mice bearing TRAMP-C1 tumours in a therapeutic setting. C57Bl/6 mice 

were injected with 5x106 TRAMP-C1 cells into their right flank, immunised on days 8 and 22 with the CAF09 

adjuvant alone, the CAF09-based or the ImmunoBody®-based mPAP 42mer mutated vaccine while the 

tumour growth was followed. (A) Individual tumour growth monitored by callipers measurements, (B) Kaplan-

Meier curve of OS and (C) proportion of splenic CD8+ T-cells and of CD8+ TILs at the time of culling of each 

animal. No difference was observed in between groups. One experiment performed. 
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5.2.2.3.Prophylactic setting 

In parallel to the therapeutic study, a prophylactic study was performed to understand if any of the 

vaccines could prevent the growth of TRAMP-C1 tumours. Animals were immunised three times 

according to the immunisation regimen shown in Figure 5.7 A and challenged a week later with 

TRAMP-C1 cells. Animals developed tumours between days 7 and 33 regardless of the group (Figure 

5.7A). None of the treatments induced a change in the tumour growth rate. However, the 2 animals 

left in the study on day 42, were not culled due to tumour size: one from the CAF09 alone group 

and one from the CAF09 vaccine group. The animal from the CAF09 alone group had a tumour of 

56mm2. The animal from the CAF09 vaccine group had no measurable tumour and no raised area. 

We can extrapolate that even if this animal developed a tumour, it would have survived a minimum 

of an extra two weeks. We therefore cannot make any conclusions about the effect of the CAF09 

vaccine on the growth of TRAMP-C1 tumours, however, this experiment suggests that 20% (1 out 

of 5 animals) of the animals responded to the CAF09 vaccine, whereas none responded to the 

ImmunoBody® vaccine. 

However, the effect of the vaccine on T-cells was not investigated in this study, therefore, the delay 

in tumour growth might be explained by an incorrect subcutaneous injection of tumour cells at the 

day of tumour implantation or by the heteregenous tumour growth pattern observed with TRAMP-

C1 as discussed section 5.2.2.1. 

  



143 
 

 

Figure 5.7: Effect of the mPAP42mer mutated CAF09 and ImmunoBody®-based vaccines on tumour growth 

in C57Bl/6 mice bearing TRAMP-C1 tumours in a prophylactic setting. C57Bl/6 mice were immunised on 

days 1, 15 and 29 with the CAF09 adjuvant alone, the CAF09-based or the ImmunoBody®-based mPAP 42mer 

mutated vaccine. Six days after the last immunisation, 5x106 TRAMP-C1 cells were injected into their right 

flank, while the tumour growth was followed. (A) Individual tumour growth monitored by callipers 

measurements, and (B) Kaplan-Meier curve of OS. The CAF09 vaccine induced 20% of tumour-free animals at 

day 42 post tumour-implantation. One experiment performed. 
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5.3. Discussion 

Results obtained in the previous chapters demonstrated that the vaccines used induced a CD8+ T-

cell immune response. Moreover, the vaccine-induced CD8+ T-cells displayed characteristics of CTLs, 

as well as the ability to kill target cells in a PAP-specific manner. 

However, the in vivo anti-tumour effect of the vaccines in the prophylactic and therapeutic settings 

in both mouse models used did not reflect these. 

 

In the HHDII/DR1 mouse model, the B16-HHDII-PAP tumour model was used to assess the efficacy 

of the hPAP/CAF09-based vaccine. The prophylactic study led to a delay of tumour growth in 16% 

of the animals with a small survival increase despite no effect on the growth rate of the tumour. 

The analysis of splenic T-cells and TILs showed that the vaccine induced a PAP-specific immune 

response weaker than in non-tumour bearing vaccinated animals (Chapter 3). The proportion of 

CD8+ T-cells, of memory CD8+ T-cells and of ILL-specific CD8+ T-cells was diminished. Indeed, a 

smaller proportion of CD8+ T-cells had the capacity to proliferate (data not shown), to secrete 

cytokines and to degranulate in response to ILL stimulation. Interestingly though, the proportion of 

PD-1-expressing CD8+ T-cells was not increased and no other inhibitory marker was expressed. 

 

In the tumour, there were more CD8+ TILs than CD4+ TILs, which could explain the lower proportion 

than expected of splenic CD8+ T-cells. The majority of CD8+ TILs displayed an “exhausted” 

phenotype, as characterised by the co-expression of PD-1, Tim-3, LAG-3, but no CTLA-4. The vaccine 

increased the proportion of PD-1low CD8+ TILs and decreased the proportion of exhausted CD8+ TILs. 

CD4+ T-cells has a similar phenotype, co-expressing all inhibitory markers apart from CTLA-4, with 

no differences between groups (data not shown). ILL-specific CD8+ T-cells secreting IFNγ and TNFα 

were detected at a lower frequency than in the spleen. Interestingly, the animal that survived the 

longest had CD8+ TILs displaying an “exhausted” phenotype: high GITR, higher PD-1+Tim3+, and 

fewer PD-1low. Despite the exhausted phenotype, their functional capacity was retained as these 

cells displayed the highest percentage of IFNγ/TNFα secreting CD8+ T-cells. 

 

Although results from the previous chapter suggested that ILL epitope is not presented by B16 cells, 

the CAF09-based vaccine induced splenocytes capable of lysing B16 cells, which could be explained 

by the presence of NK cells. The low proportion of ILL-specific CTLs at the tumour site suggests that 

ILL epitope is indeed not presented by B16 cells, otherwise these cells would have been recruited 

in higher number at the tumour site. Yet, the observation that the longest survival correlated with 

the highest proportion of IFNγ/TNFα secreting CD8+ T-cells in response to ILL suggests the opposite. 

However, this could be a random event as it was observed in one animal only. It is possible that the 
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delay in tumour growth observed is due to the cytokine secretion of CD8+ T-cells activating other 

cell types, such as NK cells, responsible for the anti-tumour response observed.  

The activation of NK cells following vaccination has been described and depends on myeloid 

accessory cell‐derived cytokines such as IL‐12, IL‐18 and type I interferons (Wagstaffe, et al. 2018). 

In particular, the activation of APC by the use of adjuvants was found to enhance and sustain NK 

cell activity, thereafter, contributing to T cell recruitment and memory cell formation. In particular, 

a subset of cytokine-induced memory-like (CIML) NK cells characterised by enhanced IFNγ 

production and cytotoxicity have been described to be induced by IL-2 secreting CD4+ T-cells 

(Fehniger, et al. 2003; Goodier, et al. 2016) and myeloid cell‐derived IL‐12 and type I interferons. 

Although the enhanced NK immune response following vaccination has mainly been described in 

the context of infectious disease (Blohmke, et al. 2017; Darboe, et al. 2017) and in a CD4+ T-cells-

dependant manner (Horowitz, et al. 2010; Jost, et al. 2014), CIML NK cells have been shown to 

exhibit enhanced responses against myeloid leukaemia in a pre-clinical mouse model and in a first-

in-human phase 1 clinical trial (Romee, et al. 2016). Administration of poly ICLC adjuvant on its own 

was shown to activate DCs and NK cells (Martins, et al. 2014). Although IL-2 secretion by CD4+ T-

cells following vaccination was not demonstrated, IL-2 secretion by CD8+ T-cells was observed and 

could have led to NK activation. 

 

Despite the unclear effect of the CAF09-based vaccine in preventing the growth of B16-HHDII-PAP 

tumours, the anti-tumour efficacy of the vaccine against established B16 tumour was assessed. 

Considering the results obtained in the prophylactic setting, an anti-PD-1 antibody was used in 

combination with the vaccine. No anti-tumour effect was observed. One animal treated with the 

anti-PD1 alone and one treated with the vaccine alone had a prolonged survival due to tumour 

developing more than 10 days later. However, one can argue about the role of the treatments in 

tumour growth delay since the treatment started before the observation of measurable tumours. 

Moreover, two animals in the prophylactic study who did not receive treatment developed tumours 

after day 20 post tumour implantation. Another important point to take into consideration is that 

the treatment schedule was different, with a 4 days gap in between immunisation instead of two 

weeks, due to the aggressiveness of the B16 tumour model. However, this immunisation schedule 

is not as efficient in inducing a PAP-specific immune response (data not shown). Although the 

immunophenotyping of T-cells was not performed, this was confirmed by the absence of increased 

proportion of splenic CD8+ T-cells in the therapeutic study. 

 

The presence of established tumours has been shown to suppress the clonal expansion of CD8+ T-

cells in vivo, following vaccination in comparison to tumour-free animals (Oizumi, et al. 2008). 

Schreiber et al. described a potential mechanism by which tumours escape immunosurveillance by 
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preventing the clonal expansion of tumour-specific CTLs without inducing anergy (Schreiber, et al. 

2009). This mechanism can explain the reduction of the vaccine-induced immune response 

observed in our model. These results demonstrate the difficulty of breaking tolerance in tumour-

bearing animals in comparison to tumour-free animals. 

 

The same observations can be made about the TRAMP-C1 therapeutic studies. In the pilot study, 

the therapeutic treatment started at day 17 post tumour implantation, when only 33% of animals 

had developed tumours. One can again question the effect of the vaccine on the tumour growth 

delay observed in one animal. Moreover, immunisations were one week apart instead of two. The 

PAP-specific immune response induced using this treatment schedule was not assessed. The 

unchanged proportion of splenic and TIL CD8+ T-cells suggest that the schedule was not optimal for 

mounting a vaccine-induced PAP-specific immune response. 

 

In the other therapeutic study performed with faster growing TRAMP-C1 cells, no effect was 

observed on the tumour growth nor on the proportion of splenic and TIL CD8+ T-cells in vaccinated 

animals. No conclusion can be drawn out of the prophylactic study, although it appears that one 

animal responded to the CAF09 vaccine. 

 

Overall, the CAF09 vaccine delayed tumour growth in 20-25% of animals in 2/3 of the experiments 

whereas the ImmunoBody® vaccine had no anti-tumour effects. A higher number of animals per 

group is required to be able to reach a definite conclusion on the anti-tumour effect of the CAF09 

vaccine. 

 

Although others have shown that PAP-specific vaccines could break tolerance and induce anti-

tumour responses against TRAMP-C1 tumour (Silva, et al. 2015; Spies, et al. 2012), treatment 

started at day 2 and day 6-8 post tumour implantation respectively. Cytotoxicity assay results 

(Chapter 4) showed PAP-specific killing against TRAMP-C1 and TRAMP-C2 cells, but vaccine-specific 

killing only against TRAMP-C2 cells. This could be explained by the fact that TRAMP-C2 express 5 

times more PAP mRNA than TRAMP-C1 cells (Figure 4.2 A). The TRAMP-C2 tumour model would 

therefore have been a better choice, but could not be established. 

 

Established tumours induce immunosuppression and tolerance (Mapara, et al. 2004). As mentioned 

in the context of B16 tumours, TRAMP-C1 tumours may have had a deleterious impact on the 

induction of a strong PAP-specific immune response. The presence of PAP-specific CD8+ CTL should 

be assessed in further tumour studies to answer this hypothesis. 
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As mentioned earlier, the induction of a CD4+ helper T-cell response was not demonstrated by the 

vaccine strategies studied here. However, CD4+ T-cells are required for inducing CD8+ CTL responses 

(Bennet, et al. 1998). In particular, the induction of CD8+ memory T-cells is dependent on CD4+ T-

cells (Janssen, et al. 2003). CD4+ T-cells have also been described as capable of displaying cytotoxic 

activity against established tumours (Quezada, et al. 2010). For these reasons, tumour-specific T 

helper epitopes should be included in the design of epitope-based vaccines (Ossendorp, et al. 1998). 

 

As concluded by Melief “Therapeutic cancer vaccines cannot be expected to act as a monotherapy” 

(Melief, et al. 2015). The CAF09-based vaccine will need to be assessed in combination with other 

immuno-modulatory drugs to compensate for the immunosuppression induced by TRAMP-C1 

tumours. 

 

To conclude, despite a vaccine strategy inducing PAP-specific CD8+ CTLs, the anti-tumour response 

elicited was too weak to prevent the tumour growth or to observe regression of established 

tumours. These results can be explained for several reasons. Firstly, the treatment scheduling was 

not optimal. Secondly, another immuno-modulatory treatment is likely to be required to counteract 

the immunosuppression induced by the tumour. Lastly, the tumour models used might not be the 

most adequate. 

In the final part of this study, the relevance of this work for patients with prostate cancer was 

studied using PBMCs from patients with prostate cancer and healthy individuals. The presence of 

ILL-specific T-cells and their capacity to lyse ILL-presenting and PAP-expressing human prostatic 

cancer cell lines was assessed. 
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Chapter 6: Assessing the presence of PAP-specific immune responses 
in healthy individuals and patients with prostate cancer 

6.1.  Introduction 

PAP protein is naturally expressed by the prostate and is therefore not foreign to the immune 

system of patients with prostate cancer. The expression of both PAP variants, cellular and secreted 

has been observed in mouse (Quintero, et al. 2007) and human thymus (Kong and Byun 2013), 

meaning that T-cells with high avidity TCRs towards PAP epitopes would have been eliminated 

when undergoing negative selection by the process of central tolerance. This mechanism is 

necessary to protect organs, such as the prostate, from auto-immune responses. Peripheral 

tolerance mechanisms further regulate auto-reactive T-cells that might have escaped central 

tolerance. These mechanisms include suppression of T cells by 1) expression of checkpoints (PD-1, 

Tim-3, LAG-3,…), 2) immuno-suppressive cells (Treg cells, MDSCs), 3) immunosuppressive cytokines 

and enzymes (TGF-β, IL-10, IDO), 4) poor T cell infiltration in tumours and 5) improper inflammation 

(Melief, et al. 2015). 

 

Voutsas et al. demonstrated that high pre-existing immunity in patients with prostate cancer 

towards the native HER-2 peptide, AE36, correlated with longer PFS following vaccination with a 

HER-2/neu hybrid peptide in a phase I clinical trial (Voutsas, et al. 2016). 

We can therefore assume that the efficacy of a prostate cancer vaccine targeting PAP is likely to be 

higher if the patient has pre-existing PAP-specific T-cells that could be boosted by the vaccine, or 

pre-existing naïve T-cells that express TCRs recognizing PAP-derived epitopes and could be primed 

by DCs after vaccination. However, although the presence of PAP-specific T-cells can be detected, 

proving the existence of naïve T-cell expressing PAP peptide-specific TCRs is much more difficult 

due to their low frequency. 

 

The presence of circulating PAP-specific T-cells in patients with prostate cancer has previously been 

reported and generating insight into this might constitute a valuable tool to predict the potential 

efficacy of a PAP vaccine. 

The presence of PAP-specific T-cells has been particularly evaluated in HLA-A2+ individuals given 

their high frequency in the population. HLA-A2 is a large and diverse allele family as it is composed 

of 31 alleles, and is common in all ethnicities (Ellis, et al. 2000). Ellis et al. reported HLA-A2 

frequencies in 5 US ethnic groups: Caucasian (49.6%), African-American (34.6%), Asian/Pacific 

Islander (36%), Hispanic (46.9%) and Native Americans (49.7%), with an average of 47.6% of all 

individuals tested (82,979) being HLA-A2+. Moreover, a Swedish study has demonstrated a higher 
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HLA-A2 frequency in patients with prostate cancer (69%) than in healthy individuals (58%), thereby 

suggesting the negative prognostic correlation with HLA-A2 (Masucci, et al. 2006). 

 

Studies have demonstrated the presence of PAP-specific T-cells that could secrete IFNγ in response 

to in vitro stimulation with PAP-derived peptides and/or lyse peptide pulsed T2 cells in healthy 

individuals (Peshwa, et al. 1998) and in patients with prostate cancer (Olson, et al. 2010). Several 

epitopes were identified, one of which was PAP 135-143 (ILL), for which specific T-cells were found 

in 40% of patients with prostate cancer (6 of 15) (Olson, et al. 2010). In that study, ILL-specific cells 

were shown to lyse ILL-pulsed T2 cells, but not LNCaP cells. However, these findings were distinct 

to those of Machlenkin et al. who had previously demonstrated that LNCaP cells were lysed by ILL-

specific T-cells from patients with prostate cancer in an HLA-A2 specific manner (Machlenkin, et al. 

2005). 

 

Although the presence of PAP-specific CTLs is relevant given their involvement in tumour cell 

cytotoxicity, the presence and function of PAP-specific CD4+ helper T-cells is of interest given their 

role in promoting CTL responses and inducing long-term memory CD8+ T-cells. 

McNeel et al. observed PAP-specific T-cells with a Th1 phenotype (as characterised by proliferation 

and IFNγ secretion in response to PAP whole protein stimulation) in 11% of patients with prostate 

cancer (McNeel, et al. 2001) and later identified two MHC class-II epitopes (15AA) that were capable 

of inducing PAP-specific proliferation in patients with prostate cancer (McNeel, et al. 2001). 

Klyushnenkova et al. then identified two PAP-derived HLA-DRB1*1501-restricted T-cell epitopes of 

20AA (PAP (133-152) and PAP (173-192)) capable of stimulating CD4+ T-cells in healthy individuals 

and patients with prostate cancer (Klyushnenkova, et al. 2007). Johnson et al. subsequently 

identified four HLA-DRB1*0101 epitopes of 15AA (PAP (161-175), PAP (181-195), PAP (191-205), 

and PAP (351-365)) in HLA-A2.01/HLA-DRB1*0101 transgenic mice, along with one epitope which 

could elicit specific T-cells following immunisation with the pTVG-HP DNA vaccine (Johnson and 

McNeel 2012). Although this study does not refer to naturally occurring PAP-specific CD4+ helper T-

cells, it reinforces the findings of Klyushnenkova et al. that MHC class-II PAP-derived epitopes can 

be present in patients with prostate cancer. 

 

The aim of the studies presented in this chapter was to compare the presence and functionality of 

ILL-specific CTLs in the blood of HLA-A2+ patients with prostate cancer and HLA-A2+ healthy 

individuals. 

Responsiveness was assessed following a 12-day protocol to expand the potential ILL-specific CTLs 

within the PBMC compartment of each individual. Two stimulating conditions were employed: 

using the ILL 9mer peptide itself or the hPAP42mut peptide.  
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Firstly, the pre-existence of ILL-specific CTLs was measured by dextramer-based flow cytometric 

analysis. Dextramers were shown to be better at assessing the presence of antigen-specific T-cells 

than tetramers for several reasons: brighter staining, stronger binding for TCR-pMHC complexes of 

low affinity and enhanced sensitivity (Dolton, et al. 2014). Then, the capacity of PBMCs to recognize 

and lyse ILL-presenting cells and human prostatic cell lines was measured. 

 

6.2.  Results 

6.2.1.Patients information 

PBMCs were obtained from three HLA-A2+ groups:  

 Healthy individuals: 40+ years old males (3 individuals); 

 Men with benign disease: males with benign prostate tumours (5 individuals); 

 Patients with prostate cancer (16 individuals). 

Samples from patients with prostate cancer and men with benign disease were obtained from 

Leicester Hospital. 

 

Clinical information available included: 

 Presence of Lower Urinary Tract Symptoms (LUTS) 

 Serum PSA concentration and PSA density 

 Two different type of biopsy information: TRUS and TPTPB, which was shown to improve 

diagnostic accuracy in men with elevated PSA and previous negative TRUS biopsies (Nafie, 

et al. 2014) 

 Gleason score, TNM pathological stage and D’Amico classification. 

 

Regarding patients LE097 to LE113, only pathology information from the TRUS biopsy was available, 

whereas the TRUS pathology + TPTP pathology was available for LE309 to LE325 patients.
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Table 6.1: Clinical information for patients with prostate cancer

Patient Age Diagnosis LUTS 
PSA 
(ng/mL) 

PSAD 
(ng/mL/cc) 

TRUS 
pathology 

TPTP 
pathology 

Gleason 
score 

TNM 
pathological 
stage 

D'Amico 
classification 

LE097 75 Benign YES 11 0.22 N/A   - N/A - 

LE100 68 Benign YES 0.25 0.01 N/A   - T2 - 

LE103 65 Benign YES 12 0.10 N/A   - Benign - 

LE112 60  Benign NO  5.7  0.14  N/A   - N/A - 

LE312 67 Benign NO 12 0.13 N/A   - N/A  - 

LE317 73 Cancer YES 11 0.16 N/A 3+3 6 T1c Low 

LE098 74 Cancer NO 8.3 0.18 3+3   6   Intermediate 

LE101 51 Cancer YES 4.2 0.16 3+4   7 Benign Intermediate 

LE111 83 Cancer YES 11 0.11       Flat Intermediate 

LE319 69 Cancer YES 7.2 15.00 N/A 3+4 7 T1c Intermediate 

LE320 71 Cancer NO 7.5 0.18 N/A 3+4 7 T1c Intermediate 

LE322 71 Cancer NO 21 0.16 N/A 3+3 6 T1c Intermediate 

LE102 74 Cancer YES 75 2.72 4+5   9 T3 High 

LE104 78 Cancer YES 82 2.68 5+5   10 T4 High 

LE105 80 Cancer YES 40 1.90 5+4   9 T3 High 

LE109 65 Cancer YES 31 1.53 4+5   9 T2 High 

LE113  79 Cancer NO  29  1  4+5    9 T2  High 

LE309 56 Cancer YES 10 0.19 N/A 4+3 7 T2 High 

LE311 64 Cancer YES 47 1.09 4+3 Mets 7 Bone metastasis High 

LE313 76 Cancer YES 66 0.05 Neg 4+5 9 T1c High 

LE325 75 Cancer NO 21 0.18 N/A 3+5 8 T1c High 
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Samples from patients LE097, 101, 102, 103, 104, 105, 111, 112 and 113 (9 patients) and one 

healthy control were processed and analysed by Dr Stéphanie McArdle and Holly Nicholls (Masters 

student). These experiments were performed in 2017 and the dextramer data obtained pooled with 

the data generated by myself (LE309 to LE325 patients). 

 

Due to the number of PBMCs available after expansion protocol, not all assays could be performed 

on all samples, and this limitation needs to be considered when interpreting results. 

 

6.2.2.Validation of the method for expanding antigen-specific CD8+ T-cells from PBMCs 

In order to validate the 12-day expansion protocol (see Figure 6.1), PBMCs of patients LE309 to 

LE325 were stimulated with a cocktail of 3 HLA-A2 class-I viral epitopes: Influenza A virus (FLuA), 

Epstein-Barr virus (EBV) and Cytomegalovirus (CMV). IL-2 and IL-15 cytokines were used as they 

have been shown to promote the expansion of antigen-specific CD8+ T-cells (Montes, et al. 2005). 

The high frequency of these viruses means that most individuals of the population would have 

encountered at least one of these viruses during their life. FLuA, which causes the common Flu, 

affects 20% of the population every year (Klein, et al. 2016), EBV herpes virus infects more than 90% 

of adults (Lünemann, et al. 2008) and CMV infects between 60 to 70% of the adult population in 

developed countries and almost 100% of adults in emerging countries (Gupta and Shorman 2019). 

These were therefore used as positive controls to assess the presence of antigen specific T-cells by 

dextramer analysis and recognition and lysis of epitope-pulsed T2 cells. 

 



153 
 

 

Figure 6.1: Workflow of the protocol for the expansion of antigen-specific CD8+ T-cells from PBMCs. 

 

Given their cost, the assessment of antigen-specific cells by dextramer analysis was only performed 

for the CMV epitope. Others have previously confirmed the accuracy of fluorescently-labelled TCR-

specific dextramers for quantifying CMV antigen-specific T-cells in blood samples (Tario, et al. 2015). 

To this end, CMV-specific dextramer fluorescence of CD8+ T-cells was determined according to the 

gating strategy showed Figure 6.2A. 

 

One of two healthy individuals and 4 of 8 patients with prostate cancer exhibited CMV-specific CTLs 

(Figure 6.2B), which is just below the 60 to 70% of positive individuals previously reported (Gupta 

and Shorman 2019). To evaluate the enrichment in CMV-specific T-cells after 12 days of culture, 

the proportion of circulating versus in vitro expanded CMV-specific T-cells was compared for one 

patient. 0.06% of dextramer positive cells were detected on day 0, whereas 1.92% was observed 
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on day 12, thereby demonstrating the capacity of the protocol to expand antigen-specific CD8+ T-

cells (data not shown). 

 

The healthy individual and two of the patients had between 1.92 and 4.52% of CMV-specific CTLs. 

The other two patients had a surprisingly high percentage of CMV-specific T-cells of 34.8 and 

56.11%. However, these represent the proportion of CMV-specific T-cells within total CD8+ T-cells 

after in vitro expansion and not the proportion of circulating CMV-specific CTLs. We can speculate 

that these two patients had an ongoing CMV infection. 

Results from dextramer analysis are summarized in Table 6.2 below. 

 

Table 6.2: Positive cells for dextramer negative control and dextramer CMV (red= patients exhibiting 
CMV-specific CTLs) 

Individual % Dextramer negative CTRL % Dextramer CMV 

Healthy 1 0.13 1.92 

Healthy 2 0.05 0.09 

LE309 0.01 0 

LE311 0.04 4.52 

LE313 0 3.39 

LE317 0.01 34.84 

LE319 0.02 0.04 

LE320 0.03 0.01 

LE322 0.02 0.03 

LE325 0 56.11 
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Figure 6.2: Gating strategy and results for CMV dextramer analysis. Cryopreserved PBMCs from HLA-
A2+ healthy individuals and patients with prostate cancer were cultured for 12 days in the presence of 
IL-2, IL-15 and an HLA-A2-restricted CMV epitope. At the end of the stimulation, PBMCs were incubated 
with a human FcR block and then stained with surface antibodies and the CMV dextramer. (A) 
Represents the gating strategy used and (B) represents the proportion of dextramer positive cells within 
CD8+ T-cells. CMV-specific CTLs were detected in 5 of 10 individuals.  
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Subsequently, expanded virus-specific CTLs were tested for their capacity to recognise and lyse 

epitope-pulsed T2 cells. The gating strategy used to analyse results is shown Figure 6.3A. Gating of 

PKH26+ target cells was purposely stringent in order to avoid contamination of PBMCs. 

 

Evidently, this experiment was not only relevant for CMV dextramer+ patients as PBMCs had been 

stimulated with the cocktail of viral epitopes. Three conditions were compared, PBMCs were co-

incubated with either T2 cells, T2 cells pulsed with all three epitopes used for the expansion or T2 

cells pulsed with the CMV epitope only. This last condition was used for only four patients (LE317, 

319, 322 and 325). Table 6.3 summarizes the assays that were performed. 

 

Table 6.3: Summary of assays performed for CMV stimulated PBMCs (orange = assay done) 

Patient 

Dextramer Cytotoxicity 

CTRL CMV 

T2 cells 

T2- T2 cocktail T2 CMV 

1:1 5:1 1:1 5:1 1:1 5:1 

Healthy 3                 

LE309                 

LE311                 

LE312                 

LE313                 

LE317                 

LE319                 

LE320                 

LE322                 

LE325                 

 

On average, cytotoxicity towards peptide-pulsed T2 cells was higher than that towards un-pulsed 

T2 cells (Figure 6.3B top). As expected, PBMCs from CMV dextramer+ patients induced cytotoxicity 

against both CMV-pulsed and cocktail pulsed-T2 cells (Figure 6.3.B bottom right), whereas PBMCs 

from CMV dextramer- patients only induced cytotoxicity against cocktail pulsed-T2 cells (Figure 

6.3.B bottom left). These results suggest that CMV dextramer- patients probably had encountered 

EBV and/or FluA, and if dextramer analysis for CTLs specific for these epitopes was performed, 

EBV/FluA-specific CTLs would have been found.  

 

For LE325, which had 56.11% of CMV dextramer+ CD8+ T-cells, the killing of CMV peptide- and 

cocktail pulsed-T2 cells was similar (60.02% versus 54.17%, respectively), thereby suggesting that 

LE325 did not have FluA or EBV CTLs. These results also suggest the possibility that CMV epitope 

had a higher affinity for HLA-A2 molecules at the surface of T2 cells, although this was not tested. 

If this was the case, results assessing the capacity of PBMCs to lyse FluA or EBV-pulsed T2 cells 
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would not be optimal and the assay should have been performed with single epitope-pulsed T2 

cells. Nonetheless, dextramer analysis and cytotoxicity assays performed on viral epitope-specific 

CTLs demonstrated the efficacy of each technique and the correlation between the presence of 

epitope-specific CD8+ T-cells and the capability of these cells to lyse specifically epitope-pulsed 

target cells. 

 

Although planned, the secretory function and the activated status of CD4+ and CD8+ T-cells could 

not be assessed due to the shortage of PBMCs. Despite the 30-fold increase in CMV-specific CTLs 

observed, the recovery of PBMCs following 12 days of in vitro culture was consistently reduced by 

33-50% (data not shown). This was also observed for ILL and PAP42mut stimulated cells. 
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Figure 6.3: Gating strategy for cytotoxicity assay analysis and cytotoxicity against CMV-presenting T2 
cells. Cryopreserved PBMCs from HLA-A2+ healthy individuals and patients with prostate cancer were 
cultured for 12 days in the presence of IL-2, IL-15 and an HLA-A2-restricted CMV epitope. At the end of 
the stimulation, PBMCs were co-incubated with PKH26 stained target cells for 3 hours, at the end of 
which cells were stained with LIVE/DEAD™ Yellow Dead Cell Stain to measure the percentage of dead 
target cells. (A) Gating strategy used and (B) percentage of cytotoxicity against PK26+ (target) cells. 
PBMCs from patients with CMV-specific CTLs induced CMV-specific cytotoxicity. Bars represent the 
mean percentage of positive cells and the error bars represent the SD (n= 1 to 8 patients). Differences 
in the cytotoxicity between groups were determined using a two-way ANOVA comparison test. 
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6.2.3.Presence of HLA-A2 ILL-specific CD8+ T-cells 

The presence of ILL-restricted HLA-A2 CD8+ T-cells was assessed using the dextramer technology. 

Two stimulating conditions were compared to expand the ILL-specific CTLs population: stimulation 

with the ILL 9mer epitope or with the human PAP42mer mutated peptide. Neither stimulation 

influenced the proportion of CD8+ T-cells within the CD3+ T-cell population (Figure 6.4A). Moreover, 

the proportion of CD8+ T-cells in healthy individuals, men with benign disease and patients with 

prostate cancer were similar (Figure 6.4A). 

 

Following ILL stimulation, ILL-specific CTLs were detected in patients with prostate cancer (Figure 

6.4B). Of the 16 patients with prostate cancer, 6 had ILL-specific CTLs, ranging from 0.29 to 1.6% 

with only one patient having a percentage higher than 1%. Although, a small cohort, 37.5% of 

patients with prostate cancer had detectable circulating ILL-specific CTLs, whereas only one 

individual (out of 5 tested i.e 20%) with benign disease exhibited ILL-specific CTLs (0.92%). 

 

Following stimulation with the PAP42mut peptide, ILL-specific CTLs were also detected in patients 

with prostate cancer (Figure 6.4B), however, the proportion was systematically lower than when 

PBMCs where stimulated with the ILL9mer (Figure 6.4B). Moreover, for LE109, 111 and 312, only 

ILL stimulation could induce ILL-specific CTLs.  We can conclude that 4 of 15 (26.7%) patients with 

prostate cancer and 1 of 5 (20%) individuals with benign disease had detectable ILL-specific CTLs 

after stimulation with the hPAP42mut peptide. 

None of the 3 healthy individuals tested had detectable ILL-specific CTLs, although the cohort is too 

small to conclude. 

 

In conclusion, stimulation with the ILL 9mer peptide is more efficient than stimulation with the 

whole PAP42mut peptide to expand the pre-existing population of circulating ILL-specific CTLs from 

PBMCs. Results from dextramer analysis are summarized in Table 6.4. 

  



160 
 

Table 6.4: Positive cells for dextramer negative control and dextramer ILL (red= patients exhibiting 
ILL-specific CTLs) 

 ILL stimulation PAP42mut stimulation 

Individual 
% Dextramer 

negative CTRL 
% Dextramer ILL 

% Dextramer 

negative CTRL 
% Dextramer ILL 

Healthy 1 0.1 0.12 0.09 0.11 

Healthy 2 0.02 0.02 0.02 0.02 

Healthy 3 0.03 0.06 0.03 0.07 

LE097 0.18 0.1 0.16 0.2 

LE098 0.1 0.11 0.09 0.12 

LE100 0.14 0.14 0.09 0.15 

LE101 0.04 0.37 0.01 0.39 

LE102 0.05 0.29   

LE103 0.12 0.19 0.01 0.48 

LE104 0.02 0.8 0.08 0.3 

LE105 0.03 1.6 0.08 1.09 

LE109 0.1 0.42 0.12 0.17 

LE111 0.13 0.46 0.18 0.21 

LE112 0.11 0.26 0.11 0.13 

LE113 0.11 0.23 0.11 0.31 

LE309 0 0 0.01 0.01 

LE311 0 0.01 0 0.03 

LE312 0.01 0.92 0.03 0.01 

LE313 0 0 0 0 

LE317 0.01 0.02 0 0.01 

LE319 0.06 0.04 0.03 0.09 

LE320 0.01 0.01 0.02 0.04 

LE322 0.05 0.04 0.03 0.03 

LE325 0.01 0.01 0.01 0.01 
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Figure 6.4: Presence of ILL-specific CD8+ T-cells within the blood of patients with prostate cancer. 
Cryopreserved PBMCs from HLA-A2+ healthy individuals, individuals with benign disease and patients 
with prostate cancer were cultured for 12 days in the presence of IL-2, IL-15 and either the HLA-A2-
restricted ILL epitope or the hPAP42mer mutated peptide. At the end of the stimulation, PBMCs were 
incubated with a human FcR block and then stained with surface antibodies and the ILL dextramer. (A) 
proportion of CD8+ T-cells within total T-cells, (B) proportion of ILL dextramer positive cells within CD8+ 
T-cells following ILL peptide or hPAP42mut peptide stimulation (normalised on dextramer control). 
There was no difference in the proportion of CD8+ T-cells among groups. ILL-specific CTLs were detected 
following ILL stimulation (benign disease: 1/5, prostate cancer: 6/16) and after hPAP42mut peptide 
stimulation (benign disease: 1/5, prostate cancer: 4/16). N= 3 to 16 patients. 
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6.2.4.Cytotoxic function of PBMCs against ILL-presenting cells and the human prostatic cell 
line LNCaP 

The capacity of PBMCs to recognize and lyse target cells in a PAP-dependant manner was assessed 

by performing cytotoxicity assays, as detailed in Section 6.2.2. Firstly, cytotoxicity against ILL-pulsed 

T2 cells was measured to assess the correlation between the presence of ILL-specific CTLs and the 

lysis of ILL-pulsed cells. Due to shortage of PBMCs, the assay could only be performed on PBMCs 

from individuals who did not have ILL-specific CTLs detectable with the dextramer, therefore, no 

ILL-specific killing was observed regardless of the stimulating condition (Figure 6.5A, B and C). 

 

The LNcaP cell line was shown in Chapter 4 to be HLA-A2+ and to express the hPAP (Figure 4.3). 

‘Knocking out’ the hPAP gene reduced PAP expression by 84%, relative to LNCaP WT cells (Figure 

4.3) and these cells (LNCaP PAPlow) were used to evaluate the capacity of PBMCs to lyse LNCaP cells 

in a PAP-specific manner. To further test the presence of ILL-specific CTLs, LNCaP WT cells were also 

pulsed with the ILL 9mer peptide prior to performing cytotoxicity assays. 

 

Results demonstrated a slight, but non-significant higher cytotoxicity against LNCaP WT cells than 

against LNCaP PAPlow for both stimulating conditions (Figure 6.6B), with cytotoxicity against LNCaP 

cells being higher after PAP42mut peptide stimulation (Figure 6.6C). However, the only significant 

difference between the 2 stimulating conditions was observed for ILL-pulsed LNCaP WT target cells. 

This result is surprising as no ILL-specific CTLs were detected in these patients. These results suggest 

the possibility that these patients have PAP-specific CTLs for epitope(s) other than ILL, that are 

contained within the hPAP42mer sequence and that these were expanded during the 12 days in 

vitro culture. There is also the possibility that because the method used was initially developed for 

expanding CTLs of higher frequencies, such as those against viruses, it might not be optimal for 

expanding low frequency TAA-specific CTLs such as ILL-specific CTLs. 
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Figure 6.5: Cytotoxicity of PBMCs from patients with prostate cancer against ILL-presenting T2 

cells. Cryopreserved PBMCs from HLA-A2+ patients with prostate cancer were cultured for 12 days in 

the presence of IL-2, IL-15 and either the HLA-A2-restricted ILL epitope or the hPAP42mer mutated 

peptide. At the end of the stimulation, PBMCs were co-incubated with PKH26 stained target cells for 3 

hours, at the end of which cells were stained with LIVE/DEAD™ Yellow Dead Cell Stain to measure the 

percentage of dead target cells. Percentage of cytotoxicity against PK26+ (target) cells was compared 

per patient (A) between T2 unpulsed and pulsed cells (B) and between stimulating condition (C). No 

ILL-specific lysis was observed. Bars represent the mean percentage of positive cells and the error bars 

represent the SD (n= 3 to 7 patients). Differences in the cytotoxicity between groups were determined 

using a two-way ANOVA comparison test. 
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Figure 6.6: Cytotoxicity of PBMCs from patients with prostate cancer the human prostatic cell line 
LNCaP. Cryopreserved PBMCs from HLA-A2+ patients with prostate cancer were cultured for 12 days in 
the presence of IL-2, IL-15 and either the HLA-A2-restricted ILL epitope or the hPAP42mer mutated 
peptide. At the end of the stimulation, PBMCs were co-incubated with PKH26 stained target cells for 3 
hours, at the end of which cells were stained with LIVE/DEAD™ Yellow Dead Cell Stain to measure the 
percentage of dead target cells. Percentage of cytotoxicity against PK26+ (target) cells was compared 
per patient (A) between LNCaP shRNA, WT and WT ILL cells (B) and between stimulating condition (C). 
No significant PAP-specific lysis was observed. PAP42mut peptide stimulated PBMCs induced higher 
percentage of cytotoxicity against LNCaP cells. Bars represent the mean percentage of positive cells and 
the error bars represent the SD (n= 2 to 6 patients). Differences in the cytotoxicity between groups were 
determined using a two-way ANOVA comparison test.
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Table 6.4: Summary of assays performed per patients for ILL and PAP42mut peptides stimulated PBMCs (orange = assay done) 

Patient Stimulation 

Dextramer Cytotoxicity 

CTRL ILL 

T2 cells LNCaP cells 

T2- T2 ILL shRNA WT WT ILL 

1:1 5:1 1:1 5:1 1:1 5:1 1:1 5:1 1:1 5:1 

Healthy 2 
ILL             

PAP42mut             

Healthy 3 
ILL             

PAP42mut             

LE309 
ILL             

PAP42mut             

LE311 
ILL             

PAP42mut             

LE312 
ILL             

PAP42mut             

LE313 
ILL             

PAP42mut             

LE317 
ILL             

PAP42mut             

LE319 
ILL             

PAP42mut             

LE320 
ILL             

PAP42mut             

LE322 
ILL             

PAP42mut             

LE325 
ILL             

PAP42mut             
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6.3. Discussion 

Results presented in this chapter illustrate the heterogeneity of each individual’s immune system. 

Evidently, the incapacity or capacity of patients with prostate cancer to develop an ILL-specific 

immune response depends on diversity in central and peripheral tolerance mechanisms which can 

vary between individuals. The expression of peripheral tissue antigens in the thymus varies among 

individuals, suggesting that the level of expression of a specific antigen determines the 

susceptibility to autoimmunity against that antigen (Takase, et al. 2005). Although PAP has been 

shown to be expressed in the thymus (Kong and Byun 2013), no investigation has assessed the 

differential expression of this protein among individuals. Based on the study by Takase et al., one 

can speculate that PAP expression in thymic cells varies among individuals (Takase, et al. 2005), 

providing a possible explanation for the disparity in circulating ILL-specific T-cells in patients with 

prostate cancer. 

 

Stimulation with the PAP42mut was less efficient at inducing ILL-specific CTLs, which could be due 

to the length of the peptide. Indeed, although 9mer epitopes can bind directly to MHC class-I 

molecules and be presented to T-cells, longer peptides such as the hPAP42mut peptide are required 

to be taken up and processed by APCs in order for these cells to break down the peptide into class-

I and class-II epitopes that can be presented to T-cells (Melief 2008). Although monocytes and B 

cells present in PBMCs can act as APCs, they are not as efficient at stimulating antigen-experienced 

T cells as DCs. The in vitro generation of DCs would have allowed a more efficient processing of the 

hPAP42mut peptide and possibility not only improve the generation of ILL-specific CTLs, but also 

allow for other/additional peptide(s) to be presented. 

 

Johnson et al. demonstrated that 80% of patients with prostate cancer had PAP-specific IFNγ-

releasing T-cells (Johnson, et al. 2017). Although this percentage is much higher than 37.5%, the 

current study was highly restrictive and only assessed the presence of CTLs specific to a single HLA-

A2 epitope, in a few patients. The study of other HLA-A2 epitopes contained within the hPAP42mer 

sequence would be of interest. Indeed, the higher cytotoxicity induced against LNCaP cells following 

stimulation with the hPAP42mut peptide suggests the presence of PAP-specific CTLs other than ILL-

specific CTLs. 

 

The aim of this study assumed that patients with prostate cancer exhibiting pre-existing PAP-

specific immunity, in particular of ILL-specific CTLs, which were highly increased following 

vaccination with the CAF09-based vaccine in Chapter 3, would respond better to immunisation with 

this new and patented mutated-PAP derived 42mer peptide vaccine. 
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However, whether pre-existing immunity towards a class-I epitope can predict an improved OS in 

vaccinated patients is not clear. Voutsas et al., assessed a therapeutic peptide-based vaccine 

targeting the oncogene HER-2 in a phase I clinical trial for the treatment of patients with prostate 

cancer (Voutsas, et al. 2016). Pre-existence of reactivity to 2 PSA-derived epitopes at high 

frequencies was detected and a further enhancement was observed after vaccination. However, 

while pre-existing immunity towards the HLA-A24 restricted epitope correlated with longer PFS, 

high pre-existing and vaccine-induced immunity towards the HLA-A2 restricted epitope showed a 

trend towards a shorter PFS. 

 

In the context of pTVG-HP PAP DNA vaccine, two predictive parameters of the development of 

vaccine-induced PAP-specific effector responses have been described. Johnson et al. investigated 

baseline immune parameters that were predictive of the establishment of a PAP-specific immune 

response following vaccination with the pTVG-HP PAP DNA vaccine (Johnson, et al. 2017). Although 

T-cell responses towards HLA-restricted epitopes was not assessed, cytokine secretion following 

PAP stimulation was. Both responders and non-responders exhibited PAP-specific Th1 responses 

before vaccination, however non-responders displayed a higher PAP-specific secretion of IL-10 

(p=0.09) which was secreted by both CD4+ and CD8+ T-cells. It therefore appears that pre-existing 

regulatory-type antigen-specific T-cell immunity is a negative predictive parameter of 

responsiveness to a PAP DNA vaccine. These results suggest that vaccination should be combined 

with anti-IL-10 treatment. 

Another potential negative predictive marker for the development of PAP-specific immunity after 

vaccination is the presence PAP-specific CD8+ regulatory T-cells expressing CTLA-4 and secreting IL-

35 (Olson, et al. 2012). The presence of these cells was detected in 33% (7/21) of patients with 

prostate cancer before vaccination and it has been suggested that they inhibit the detection of PAP-

specific effector responses after vaccination. Unlike IL-10 or TGF-β blockade, CTLA-4 and IL-35 

blockade could reverse their suppressive phenotype. However, none of these studies correlated 

the presence of these negative predictive markers with OS. 

 

Other than assessing the presence of antigen-specific T-cells prior to vaccination, Farsaci et al. have 

calculated a “peripheral immunoscore” that can predict the OS benefit of prostate cancer before 

receiving PROSTVAC vaccine, which is characterised by the presence of specific immune cell subsets 

prior vaccination, (Farsaci, et al. 2016).  High frequencies of PD-1+ and CTLA-4+ CD4+ T-cells and of 

differentiated CD8+ T-cells and low frequencies of Treg cells and differentiated CD4+ T-cells were 

shown to correlate with improved OS following combination of GVAX vaccine with Ippilimumab 

(Santegoets, et al. 2013). Moreover, high frequencies of MDSCs pre-treatment were associated 

with shorter OS (Santegoets, et al. 2014). These studies demonstrate the feasibility and utility of 
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determining pre-vaccine immune subsets that can predict the efficacy of a therapeutic prostate 

cancer vaccine and enable the selection of individuals that are most likely to benefit from it. 

In conclusion, 37.5% of the patients with prostate cancer evaluated had circulating ILL-specific T-

cells. Moreover, PBMCs from most patients were able to lyse the LNCaP prostatic cancer cell line. 

Although it was not significant, cytotoxicity towards LNCaP was lower in LNCaP PAPlow cells, 

suggesting that cytotoxicity was driven by recognition of PAP epitopes. However, this study was 

conducted on only 16 patients. Moreover, control groups (healthy individuals and individuals with 

benign disease) were too small to assess if the proportion of individuals with circulating ILL-specific 

CTLs is higher in patients.  Further studies are required to assess not only the presence, but also the 

functionality of ILL-specific CTLs. PBMCs from additional patients would allow the cytotoxic function 

of ILL-CTLs to be assessed. Additionally, as suggested by studies mentioned above, it is essential to 

assess the regulatory function of PAP-specific T-cells. 
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Chapter 7: Discussion 

Prostate cancer is a slow evolving disease, however, for patients who become resistant to 

androgen-deprivation therapy, there is currently no curative treatment. The five therapies currently 

FDA-approved for mCRPC only improve the OS of patients by few months, testifying of the need for 

developing new therapies. 

Despite the breakthrough in immunotherapeutic treatments for cancer in the last decade, only one 

of the therapies for mCRPC is an immunotherapy: Provenge vaccine. 

The limitations of Provenge vaccine include 1) its limited efficacy (improved OS of 4.1 months) 2) 

its autologous aspect, requiring PBMCs from each patient to be taken prior to reinfusion and 3) its 

cost, in order to isolate and cultivate CD54+ DCs in the presence of the PAP/GM-CSF fusion protein 

per patient. 

The current study focused on a vaccine more restrictive in terms of potential PAP-derived epitope 

CTLs that can be elicited, as it encompasses 42AA of the PAP protein, while Provenge covers the 

whole PAP protein (354AA). However, this vaccine would be non-invasive and its production easier 

and less costly.  

 

The rationale behind the current study was therefore to develop a PAP-derived vaccine for the 

treatment of mCRPC. 

This study demonstrated the ability of our vaccine to 1) elicit HLA-A2 restricted CTLs with secretory 

and cytolytic functions in a humanized mouse model, 2) break tolerance towards PAP in the C57Bl/6 

mouse model by eliciting mPAP-specific CTLs with secretory and cytolytic functions and 3) the pre-

existence of HLA-A2 restricted CTLs in PCa. 

 

7.1. Optimisation of the vaccine strategy 

The study began with the optimisation of the vaccine strategy. Two parameters of the vaccine were 

altered: the sequence of the PAP42mer peptide and the vehicle/adjuvant used. 

The alteration of the PAP sequence was based on a previously characterised 15AA sequence, PAP 

114-128 (MSAM), validated as an immunogenic HLA-DR1 peptide, containing the PAP115-123 HLA-

A2 peptide (SAM) (Saif, et al. 2013). A mutation was introduced to increase the predicting binding 

affinity of SAM class-I epitope to HLA-A*02:01, according to the SYFPEITHI algorithm, which was 

confirmed by IFNγ ELISpot assays (data not shown). The 15mer was subsequently elongated to a 

42mer sequence to include several class-I and class-II epitopes. 

However, elongating the sequence to 42AA lead to the loss of SAM-specific IFNγ release and the 

preeminence of ILL class-I epitope (PAP135-143). Although this peptide was not affected by the 

mutation, its immunogenicity increased following immunisation with the mutated PAP42mer. 

Regarding the C57Bl/6 model, all class-I epitopes with an improved IFNγ response following 
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immunisation with mutated mPAP42mer peptides (2 or 3 mutations sequences), were altered by 

the mutation. In both models, the functional avidity towards immunogenic epitopes was improved 

by immunising with mutated PAP42mer peptides. Therefore, immunisation with a mutated 

sequence improved the CTL response towards WT epitopes following in vitro stimulation, whether 

these epitopes were altered or not by the mutation. 

This phenomenon has not been studied well but was described by other groups as a mean to 

overcome tolerance towards self-antigens. In melanoma, DNA vaccines targeting two mouse 

antigens (gp100 and tyrosinase) demonstrated safety and immunogenicity in phase I clinical trials 

(Yuan, et al. 2009) (Wolchok, et al. 2007). Moreover, peptide analogues to a NY-ESO-1 epitope were 

more efficient than the wild-type peptide in expanding NY-ESO-1-specific CTLs from melanoma 

patients PBMCs (Chen, et al. 2000). 

One phase I clinical trial assessed the capacity of a dendritic cell-based xenoantigen vaccine to break 

tolerance towards PAP (Fong, et al. 2001). All 21 PCa patients developed Th1 T-cell responses 

towards the murine PAP and 11 out of 21 towards the human PAP. Moreover, 6 of these patients 

had a stable disease. 

These examples demonstrate the feasibility in human clinical trials of vaccines using modified 

antigens capable of breaking tolerance towards self-antigens. 

 

The second parameter modified was the delivery system. Two peptide-based strategies and one 

DNA vaccine were tested. CpG adjuvant was able to induce PAP responses in the HHDII/DR1 model 

but could not break tolerance in the C57B/6 model. The ImmunoBody® DNA vaccine could elicit 

strong immune responses in the C57Bl/6 model but none in the HHDII/DR1 model. The CAF09 

adjuvant, however, was able to induce strong PAP-specific immune responses in both mouse 

models. 

It should be noted that the route of administration was different for each vaccine strategies, 

rendering the results obtained not directly comparable. The CpG vaccine was injected via 

intramuscular route while the CAF09 vaccine and the ImmunoBody® vaccine were administered as 

per recommended by collaborators providing these vaccines (intraperitoneal route for CAF09 and 

via a gold coated bullet fired with a gene gun for the ImmunoBody®). 

The intraperitoneal route aims at targeting the mucosal lymphatic system and was shown to induce 

stronger splenic CD8+ T-cell response in comparison to intramuscular or subcutaneous 

administration in the context of the CAF09 vaccine (Schimdt. et al, 2016). However, it does not 

translate to human subjects as the intramuscular route is generally used. It would have been of 

interest to compare the CpG and CAF09 vaccines using the same route of administration, both 

intramuscular and intraperitoneal for each. 
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7.2. Characterisation of the vaccine-induced immune response 

Subsequent to the optimisation of the vaccination strategy, selected optimal vaccine strategies 

were further assessed. Beyond the IFNγ release response, the phenotype and function of vaccine-

induced T-cells was evaluated. 

Overall, the immune response observed in both mouse models was defined by a CD8-driven 

immune response characterised by 1) an increased functional avidity towards class-I epitopes, 2) 

induction of PD-1 expression on both CD4+ and CD8+ T-cells, 3) induction of effector memory but 

not central memory CD8+ T-cells, 4) cytokine release, proliferation (Ki67) and degranulation 

(CD107a and granzyme B) by CD8+ T-cells following 6hrs of class-I epitope(s) stimulation, 5) 

induction of an exhausted phenotype on CD8+ T-cells (co-expression of PD-1, TIM-3 and LAG-3) 

following 6 days stimulation with class-I epitopes and 6) epitope and/or PAP-specific cytotoxicity. 

 

As mentioned in section 1.3.4.1, the functional avidity relates to the overall clonal T-cell response 

towards its antigen and usually correlates with TCR affinity and avidity, both of which are crucial in 

the context of TAAs such as PAP. High avidity T-cells are highly cytotoxic (Dutoit, et al. 2001) (Pudney, 

et al. 2010) and T-cells with high TCR affinity are required for efficient tumour eradication as they 

allow efficient antigen cross-presentation and cytokines secretion by CTLs (Engels, et al. 2013). 

Moreover, PD-1 expression defines CTLs clonotypes of high avidity (Simon, et al. 2015). Altogether, 

these data suggest the highly cytotoxic potential of vaccine-elicited CTLs in this study. 

 

The goal of vaccination is to produce a long-term immunological memory response which, in the 

case of cancer, can contribute to tumour eradication and prevent relapse. Our vaccine strategy 

generated effector memory CD8+ T-cells. In fact, the CD44highCD62Lneg/low population could be 

effector and/or effector memory cells. Considering that the vaccine-induced immune response was 

found to be CD8 driven, it is not surprising that no memory CD4+ T-cells response was elicited. 

However, the lack of central memory T-cells (CD44highCD62L+) could be deleterious as these cells 

are less differentiated than effector memory cells, persist longer in vivo and have a higher 

proliferative potential conferring a more efficient capacity to generate protective immunity 

(Wherry, et al. 2003). Seaman et al. suggested that in the case of vaccines inducing CTLs responses, 

central memory rather than effector memory T-cell responses were essential as effector memory 

T-cells were unable to expand efficiently in vivo following a secondary antigen exposure (Seaman, 

et al. 2004). Recently, the indispensable role of tissue resident memory T-cells in mediating anti-

cancer immunity was illustrated. These long-lived memory T-cells, that do not recirculate once 

established in tissue, were shown to enhance the efficacy of a cancer vaccine in a preclinical model 

(Nizard, et al. 2017). Moreover, the study demonstrated a correlation between the number of tissue 

resident memory T-cells and the improved survival of patients in lung cancer, suggesting the 
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importance of designing vaccine strategies eliciting tissue resident memory T-cells. In the current 

study, the presence of these cells following vaccination was not assessed but would be of interest. 

The lack of central memory T-cells could be due to the timing. Indeed, Roberts et al. suggested that 

there is a progressive loss of effector memory T cell pools over time, and a subsequent 

establishment of a stable pool of central memory T cells (Roberts, et al. 2005). The presence of 

effector memory T-cells versus central memory T-cells could therefore be followed over time 

following vaccination (e.g. at months 1, 6, 12, and 20 after vaccination, as performed by Roberts et 

al.). 

 

The functional capacity of vaccine-elicited CD8+ T-cells following short stimulation (6 hours) with 

class-I epitopes was assessed and revealed the presence of ILL (HHDII/DR1 model) or ISI/SIW 

(C57Bl/6 model)-specific CTLs with secretory, proliferative and cytotoxic functions. A small 

proportion of secretory CTLs released IFNγ, TNFα and IL-2 while the rest released IFNγ and TNFα. 

The release of Granzyme B and perforin molecules constitutes the main cytolytic TCR-triggered 

pathway. However, only the release of Granzyme B was assessed in CTLs. Granzyme B has been 

shown to function in a perforin-independent manner, entering target cells by endocytosis. 

Granzyme B expression was vaccine-dependant but was not altered by ILL stimulation, while 

CD107a expression was vaccine and ILL stimulation-dependant. CD107a is a marker of 

degranulation and was shown to correlate with the loss of intracellular perforin (Betts, et al. 2003). 

The fact that CD107a expression did not correlate with Granzyme B release suggests that CD107a 

expression correlated with the release of perforin or of other cytotoxic molecules, such as other 

Granzymes molecules, although this was not assessed. It would also have been of interest to assess 

the death ligands pathways by measuring the expression of TRAIL and FAS-ligand on CTLs. 

 

To confirm the cytolytic potential of vaccine-elicited CTLs, cytotoxicity assays were performed 

following 6 days of stimulation in the presence of class-I epitopes and IL-2. In both mouse models, 

the proportion of CD8+ T-cells exhibiting an exhausted phenotype (co-expression of PD-1, Tim-3 and 

LAG-3) was increased in splenocytes from vaccinated mice. Class-I epitope specific lysis was 

confirmed, although it was performed on total splenocytes. Performing cytotoxicity assays on 

isolated CD8+ T-cells would have been advantageous to confirm that CTLs were responsible for the 

lysis observed. Moreover, it would enable to remove potential immunosuppressive cells that could 

dampen the cytolytic activity of CTLs, such as Tregs, whose development and expansion is 

promoted by IL-2 (Nelson 2004). 

 

In regard to PAP-specific cytotoxicity, results were disparate between mouse models. 
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In the HHDII/DR1 model, the hPAP-specific lysis could not be confirmed. No hPAP-specific 

cytotoxicity was observed when using total splenocytes with B16 cells or LNCaP cells. However, 

when performing the assay with isolated CD8+ T-cells, there was a slight increased cytotoxicity 

against LNCaP WT cells in comparison to LNCaP-PAPlow cells (still expressing 7% of hPAP mRNA) in 

the CpG and CAF09-vaccine groups. It should be noted that LNCaP cells express less hPAP protein 

than B16-HHDII-PAP+ cells (data not shown). 

B16-HHDII -/+ hPAP provided a perfect model to assess the hPAP-specific cytotoxicity, however, 

results suggest that these cells might not present ILL-HLA-A2 complexes at their surface. 

Cytotoxicity assays were performed following 6 days of in vitro stimulation in the presence of the 

HLA-A2 restricted epitope ILL. Therefore, only ILL-specific CTLs were expected to be expanded, 

although it was not verified. As a result, potential CTLs specific for other epitopes, induced by 

vaccination with the hPAP42mer mutated peptide would not have been expanded. If B16-HHDII-

PAP+ cells presented at their surface these epitopes, they would not have been recognized. To 

answer this question, the hPAP42mer mutated peptide should be used for in vitro stimulation of 

splenocytes. 

Several factors might have induced a different processing of the hPAP protein in B16-HHDII-PAP+ 

cells. Firstly, the expression of PAP was induced via transfection of the gene encoding for the human 

PAP rather than naturally expressed as in LNCaP cells. Secondly, B16-HHDII cells express chimeric 

and not WT HLA-A2 molecules. The consequence of chimeric HHDII molecules expression by B16 

cells could have been investigated by exogenous loading of ILL synthetic peptide onto these cells. 

Finally, murine cells probably have a different machinery for processing proteins. All these factors 

might have led to a different pool of epitopes being produced in B16-HHDII-PAP+ cells. Peptide-

elution followed by mass-spectrometry analysis could have answered this question. 

 

In the C57Bl/6 model, the CAF09-based vaccine induced mPAP-specific lysis of TRAMP-C1 and 

TRAMP-C2 cells. However, the cytotoxicity was only vaccine-specific against TRAMP-C2 cells. The in 

vitro expansion of epitope-specific CTLs might have induced ISI or SIW-specific CTLs from 

splenocytes from naive animals. However, it is unlikely considering that TRAMP-C2 cells naturally 

express 5 times more mPAP mRNA than TRAMP-C1, suggesting that mPAP protein expression is 

higher in TRAMP-C2 cells. If PAP-derived CTLs had been induced from naive animals, they would 

have lysed TRAMP-C2 cells more efficiently than TRAMP-C1 cells. 

 

One major criticism that can be made against the methods used to assess the cytotoxicity towards 

PCa cell lines is that both techniques (Cr51 release assay and flow cytometry-based assay) 

constrained target cells being in suspension. However, all cell lines used: B16, LNCaP, TRAMP-C1 

and TRAMP-C2 cells, are adherent cells. In the future, alternative cytotoxicity assays allowing the 
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use of adherent cells could be used. For example, the Xcelligence real time monitoring system 

measures the electrical impedance at the bottom of plates providing information on adherent cells 

including viability, cell numbers and morphology. 

 

Optimal vaccination strategies should induce not only CD8 but also CD4 antigen-specific immune 

responses in order to optimise the magnitude and quality of the CD8+ immune response. In 

particular, CD4+ T-cells provide help signals to CD8+ T-cells via DCs during the priming phase (Borst, 

et al. 2018) and have a major role in generating CD8+ T-cells memory cells (Laidlaw, et al. 2016). 

Moreover, the help provided by CD4+ T-cells was shown to rescue exhausted CD8+ T-cells, allowing 

them to regain functional capacities such as cytokines secretion and proliferation, in the context of 

chronic viral infection (Aubert et al. 2011). Recently, CD4+ T-cell help was shown to improve the CTL 

response by increasing the expression of cytotoxic effector molecules and decreasing the 

expression of inhibitory receptors (Ahrends, et al. 2017).  

The 15mer PAP-derived peptide previously described contained both class-I and a class-II restricted 

epitopes. In this study, the PAP42mer peptide was predicted to contain several class-I and class-II 

restricted epitopes in order to generate CD4 and CD8 PAP-specific T-cells. 

However, in spite of CAF09 adjuvant being described as inducing CD4+ T-cell responses, especially 

Th1 and Th17 immune responses (Pedersen, et al. 2018), no cytokine release and no memory 

response was detected by CD4+ T-cells in this study. 

The possibility that the CAF09 vaccine (in both models) and the ImmunoBody® DNA vaccine (in the 

C57Bl/6 model only) induced a CD4 helper immune response was suggested in section 3.3 due to 

higher IL-2 secretion by CD8+ T-cells when the stimulation was in the presence of 15mer epitopes, 

although it was not confirmed. The lack of helper immune response in our study might explain the 

absence of central memory CD8+ T-cells.  

 

Circulating neoantigen-specific CD8+ T-cells expressing PD-1 in melanoma patients (Gros, et al. 2016) 

were proposed to be primed in the absence of help (Borst, et al. 2018) as CTLs primed with CD4 

help downregulated PD-1 (Ahrends, et al. 2017). This theory provides another argument supporting 

the absence of a CD4 helper response in the current study as CD8+ T-cells from vaccinated animals 

upregulated PD-1. 

Borst et al. also suggest that the inclusion of helper epitopes in therapeutic vaccines design does 

not ensure the delivery of the help signal as these epitopes require to reach specific DC subtypes 

(Borst, et al. 2018). 

Studies suggested the use of CD27 and CD40 agonist antibodies in order to mimic help to provide 

co-stimulatory signals to CD8+ T-cells (Ahrends, et al. 2016; Vonderheide, et al. 2013), this could be 

considered to improve the current vaccine strategy. 
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The possibility that our vaccine induces antigen non-specific CD8 T-cells was mentioned in section 

3.3. This theory was supported by the fact that others described antigen non-specific CD8+ T-cells 

with an effector/effector memory phenotype (CD44high, CD62Llow) expressing PD-1, releasing 

Granzyme B and displaying cytotoxic functions without TCR engagement, that could proliferate 

following cytokines stimulation and could be induced by TLR agonists such as CpG and Poly I:C. In 

our model, CAF09 adjuvant could therefore induce these cells. 

CD8+ T-cells with some of these features were describes both in preclinical models and in humans 

following high dose IL-2 therapy. 

Tietze et al. described the antigen-independent expansion of memory CD8+ T-cells capable of 

antigen-specific tumour cell killing through TCRs with upregulation of PD-1 and CD25, as well as the 

presence of cytokine-induced memory CD8+ T-cells expressing NKG2D, Granzyme B, with an 

NKG2D-dependant anti-tumour effect. TCR-transgenic mice bearing non-antigen expressing 

tumours still benefited from the immunotherapy treatment. Their results demonstrated the innate 

and adaptive capacities of memory CD8+ T-cells depending on the stimuli (Tietze, et al. 2012). 

Another study described CD8+ T-cells with a memory phenotype capable of both MHC-restricted 

and non-MHC-restricted cytotoxicity (Dhanji, et al. 2004). 

These cells might have an advantage against immunosuppressive mechanisms such as antigen loss 

and down-regulation of MHC class-I molecules and it would therefore be of interest to perform 

further experiments to evaluate their presence in our model. 

 

7.3.  In vivo tumour studies 

The next stage of the study was naturally to test the cytotoxic capacities of vaccine-induced PAP-

specific CTLs in vivo against PAP-expressing tumours. 

The B16-HHDII-PAP+ cell line was used to establish a tumour model allowing to assess the anti-

tumour efficacy of the hPAP42mer mutated vaccine (with CAF09 adjuvant). Although no PAP-

specific lysis of B16-HHDII cells was observed in vitro, both CAF09 and ImmunoBody®-based vaccine 

induced higher percentage of cytotoxicity towards B16-HHDII cells than the CpG-based vaccine. 

In a prophylactic setting, the CAF09 vaccine induced a slight delay in tumour growth and therefore 

prolonged survival, while the ImmunoBody® vaccine had no effect (data not shown). The 

immunophenotyping of splenocytes and TILs confirmed that the CAF09 vaccine induced ILL-specific 

CTLs, which mainly remained in the spleen with a small proportion migrating to the tumour site. 

TILs in vaccinated animals displayed a less exhausted phenotype which could explain the anti-

tumour effect observed. However, the therapeutic experiment with or without an anti-PD-1 

antibody did not show any anti-tumour effect. These results confirmed that ILL epitope might not 
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be presented at the surface of B16-HHDII-PAP+ cells and therefore was not the correct model to use 

to assess the anti-tumour efficacy of the vaccine. 

One point to consider is that hPAP expression was assessed in B16-HHDII-PAP+ cells prior tumour 

implantation but hPAP expression was not assessed in tumours. 

A more suitable tumour model would consist in establishing LNCaP/HHDII tumours into NOD/SCID 

immuno-deficient animals which would receive isolated T-cells from immunised HHDII/DR1 animals 

by adoptive transfer. However, this could not be performed due to the complexity, duration and 

cost of this type of experiment. 

 

The anti-tumour efficacy of the mPAP42mer mutated vaccines (both CAF09 and ImmunoBody®-

based vaccines) were evaluated against TRAMP-C1 tumours.  

TRAMP-C2 cells were believed to be a more suitable cell line to establish a tumour model as these 

cells express 5 times more mPAP mRNA than TRAMP-C1 cells, however, they were not enough 

tumorigenic to generate tumours. We can hypothesize that the higher PAP expression renders 

these cells more immunogenic. This hypothesis could have been investigated by assessing the 

presence of ISI of SIW-specific CTLs in the animals, following tumour rejection, and by rechallenging 

with TRAMP-C1 tumour cells and looking for protection. 

The results of these experiments showed that with the exception of one animal in the first 

therapeutic pilot study, no treated animals experienced tumour growth delay with either 

mPAP42mer mutated vaccines in prophylactic or therapeutic settings. The presence of PAP-specific 

CTLs and the phenotype of splenocytes and TILs were not assessed in these TRAMP-C1 studies, 

therefore, we cannot speculate on the presentation of ISI or SIW epitopes at the surface of TRAMP-

C1 cells. However, an ongoing study demonstrated that similarly to the B16 tumour model, animals 

treated with the CAF09 vaccine display less exhausted TILs (data not shown). 

 

These results demonstrate that the CAF09 vaccine can decrease the exhaustion of CTLs at the 

tumour site. Nevertheless, tumour cells employ numerous immunosuppressive mechanisms that 

can counteract an efficient vaccine strategy. For example, the presence of MDSCs within the tumour, 

as well as in other lymphoid compartments (spleen, tumour draining lymph node), in the blood and 

the bone marrow was observed in the ongoing TRAMP-C1 study (data not shown). This information 

provides one possible immunosuppressive mechanism adopted by TRAMP-C1 tumours that could 

be targeted to improve the anti-tumour efficacy of the CAF09 vaccine. Assessing the presence of 

other immuno-suppressive cells in the TME such as Tregs or TAMs would be of interest as well. 

Indeed, it was suggested that multiple vaccinations can induce Tregs, therefore dampening the anti-

tumour immunity (LaCelle, et al. 2009). 
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One interesting observation worth noting is the fact that in vitro, the CAF09 vaccine induced CTLs 

exhibiting an exhausted phenotype, which had retained their cytotoxic functions as their presence 

correlated strongly with high cytotoxicity towards ILL-pulsed T2 cells. On the other hand, in vivo, 

animals treated with the CAF09 vaccine displayed a smaller proportion of exhausted CD8+ TILs. 

However, in the prophylactic B16 study, the animal with the longest survival displayed exhausted 

CD8+ TILs (high proportion of PD-1+/Tim3+ and small proportion of PD-1low) and CD8+ TILS with the 

highest percentage of IFNγ/TNFα secretion. These results suggest that in vivo as well, the exhausted 

phenotype correlates with functional CTLs. The meaning of co-expression of markers such as PD-1, 

Tim-3 and LAG-3 should be further studied. Other makers such as 4-1BB or CD38 could further 

distinguish between non-functional and functional CTLs. Indeed, one study reported that co-

expression of LAG-3 and 4-1BB on CTLs characterised dysfunctional antigen-specific CD8+ TILs 

deficient in IL-2 and TNFα production but retaining the expression of IFNγ, in vitro (Williams, et al. 

2017). Another study described the presence of circulating PSA-specific CD8+ T-cells in healthy 

individuals and in PCa patients, with cells from PCa patients expressing higher levels of Tim-3 and 

CD38, suggesting exhaustion, although their function was not assessed (Japp, et al. 2015). 

 

The lack of CD4+ T-cells helper response could play a major role in the weak anti-tumour effect of 

the CAF09 vaccine. As discussed above, CD4 helper T-cells are essential for an optimal CD8 response. 

In the case of antigen persistence, the generation of a CD8 memory response cannot be achieved 

and CD8+ T-cells are ultimately eliminated (Bevan 2004). The ability of CD4+ T-cells to promote the 

survival of CTLs in that case is unclear. 

 

Accessing tumours samples from PCa patients is difficult, impeding the possibility to compare the 

phenotype of TILs induced in preclinical experiments from this study with the phenotype of TILs in 

PCa patients. However, although the data available in the literature is limited, some studies have 

assessed TILs from patients with PCa prior immunotherapy. 

Fong et al. compared the tumour infiltrate of prostate tumours before and after Sipuleucel-T 

treatment and observed a 3-fold increase in infiltrating CD4+ and CD8+ T-cells at the tumour 

interface, which was not observed in the control group (Fong, et al. 2014). Most of infiltrating T-

cells expressed PD-1 and Ki67, but these were the only surface markers assessed which are not 

sufficient to determine whether T-cells have an exhausted phenotype. No information was 

available on the correlation between increased expression of PD-1+ CD8+ TILs following Sipuleucel-

T treatment and survival of patients. 

Sfanos et al. demonstrated that CD8+ TILs from PCa patients were oligo-clonal and PD-1+, but did 

not assess their function (Sfanos et al. 2009). 
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In melanoma, PD-1/Tim-3/LAG-3-expressing CD8+ TILs were described as autologous tumour-

reactive CTLs, and were capable of secreting IFNγ and lysing tumour cells in vitro following IL-2 

expansion, suggesting that the dysfunction of “exhausted” T-cells can be reversed (Gros, et al. 2014). 

Another study assessing TILs from melanoma cancer patients determined that PD-1-expressing 

CD8+ T-cells were tumour specific, however, these cells exhibit impaired effector functions as 

shown by a reduced IFNγ secretion (Ahmadzadeh, et al. 2009). Expression of PD-1 on CD8+ TILs from 

melanoma determined clones of low functional avidity and in vitro PD-1 blockade could select high 

avidity T-cell clonotypes (Simon, et al. 2015). 

TILs from gastric cancer patients co-expressing PD-1 and Tim-3 or Tim-3 alone also exhibited 

impaired functions characterised by a decreased secretion of IFNγ, TNF-α and IL-2 (Lu, et al. 2017). 

 

These results indicate that antigen persistence in tumour induce PD-1-expression on tumour-

specific T-cells. Moreover, 20% of TRAMP-C1 and TRAMP-C2 cells express a basal level of PD-L1 

which increases to almost 100% in the presence of IFNγ as showed in figure 4.1. Even though it 

might be reversible in vitro, T-cells require blockade of the PD-1/PD-L1/L2 axis to be functional in 

vivo. The efficacy of the vaccine in the TRAMP-C1 model should therefore be considered in 

combination with an anti-PD-1 antibody. 

 

7.4. Pre-existence of PAP-specific immunity in PCa patients 

The assumption that a pre-existing immunity towards a tumour antigen can be enhanced by 

immunisation with a vaccine targeting that specific antigen seems evident. 

Considering that CTLs specific for ILL9mer HLA-A*02:01-restricted epitope were previously 

described in HLA-A*02:01+ healthy individuals and PCa patients (Machlenkin, et al. 2005) and that 

the hPAP42mer mutated peptide vaccine with CAF09 adjuvant can elicit functional ILL-specific CTLs 

in HHDII/DR1 mice, dextramer technology was used to assess the presence of ILL-specific CD8+ T-

cells in PCa patients. 

In a cohort of 16 patients, 37.5% had detectable circulating ILL-specific CTLs. 1 out of 5 individuals 

with benign tumours and none of the 3 healthy individuals had detectable ILL-specific CTLs. The 

number of healthy individuals and benign tumour bearing individuals was too low to conclude if 

patients with PCa do have an increased proportion of circulating ILL-specific CTLs in their blood. 

Nonetheless, our results demonstrate the existence of a pre-existing immunity towards ILL epitope 

in PCa patients, which might be boosted with a vaccine targeting PAP. It would be of interest to 

assess the proportion of ILL-specific CTLs in PCa patients prior to and after vaccination with 

Provenge or with the pTVG-HP DNA vaccine as these two vaccines target the PAP protein. 

Preliminary results from ongoing experiments confirmed the specificity of vaccine-elicited CD8+ T-

cells towards ILL epitope in the HHDII/DR1 model that can be detected by the same dextramer used 
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in human studies, further reinforcing the potential of the CAF09-based vaccine for patients with 

prostate cancer. 

 

As discussed in section 6.3, the correlation between pre-existing immunity prior vaccination and 

improved OS or PFS post vaccination has not been demonstrated in a sufficient number of studies 

in order to conclude. 

A study assessing a vaccine in myeloid malignancies compared the percentage of HLA-A2-restricted 

epitope tetramer+ CTLs before and after vaccination (Qazilbash, et al. 2017). Out of 66 patients, 85% 

had pre-existing antigen-specific CTLs, independently of disease type and status. 53% of patients 

had at least a 2-fold increase in the percentage of tetramer+ CTLs. However, there was no 

association between the percentage of antigen-specific CTL prior and after vaccination. 

Interestingly, they demonstrated that TCR avidity of epitope-specific CTLs increased following 

vaccination and that the increase was higher in clinical responders. 

This study demonstrates that not only the percentage of epitope-specific CTLs is of importance but 

also the quality of these CTLs. 

The study mentioned above by Japp et al. demonstrated that PSA-CTLs from PCa patients expressed 

higher levels of Tim-3 and CD38 that those from healthy individuals, suggesting that these cells 

were exhausted, and reinforces the requirement for estimating the quality of antigen-specific CTLs 

(Japp, et al. 2015). 

 

It would therefore be of interest to further assess the phenotype and function of ILL-CTLs by 

evaluating their TCR avidity, their “exhausted” phenotype (PD-1, CTLA-4, Tim-3, …) , their cytokines 

secretory pattern (IFNγ, TNFα, IL-2) and the presence of ILL-specific Tregs (secretion of IL-10). 

Moreover, although, the capacity of ILL-CTLs to lyse ILL-pulsed T2 cells and LNCaP cells could not 

be performed in the current study, assessing the cytolytic capacity of ILL-CTLs cells is essential and 

should be performed in the future. 

 

Hadaschik et al. found a correlation between the proportion of ILL-CTLs (characterised as ILL-

specific IFNγ-secreting CTLs) and the stage of the disease, with a higher proportion of mCRPC 

patients displaying ILL-CTLs in comparison to low, intermediate or high risk PCa patients (Hadaschik, 

et al. 2012). In the current study, no correlation was found between the presence of circulating ILL-

CTLs and the stage of the disease (low, intermediate or high risk) (data not shown), although only 

one patient out of 16 was known to have metastasis. 

The study by Hadaschik et al. also determined that removal of Tregs in the culture highly increased 

the number of ILL-specific IFNγ-secreting T-cells. 
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Another study demonstrated that in vitro blockade of PD-L1 with a monoclonal antibody could 

enhance the frequency of activated antigen-specific CTLs and induced a switch from Th2 to Th1 

cytokines (Grenga, et al. 2016). These two studies suggest that immuno-suppressive cells present 

in the blood can dampen the antigen-specific response to an antigen in vitro, therefore 

underestimating the full potential of antigen-specific CTLs. This observation reinforces the fact that 

cancer vaccines require to be combined with other immunotherapies than can counteract 

mechanisms of peripheral tolerance employed by the tumour. 

 

The most important question to render this study more relevant to PCa patients is “is ILL epitope 

presented by HLA-A2 molecules at the surface of prostate tumours of HLA-A2+ patients?” Indeed, 

ILL-presenting tumour cells could have been deleted during immunoediting, via antigen loss variant. 

Ostroumov et al. suggests that epitopes with high affinity for MHC class-I molecules have 

undergone high selection pressure during the phase of immunoediting (Ostroumov, et al. 2018). 

Moreover, CTLs with high TCR affinity towards their epitope probably generated escape variants by 

the tumour. It has been proposed that low to medium avidity polyclonal rather than high avidity 

monoclonal immune responses could provide better anti-tumour responses (Ostroumov, et al. 

2018). 

 

Besides boosting a pre-existent PAP-specific immune response, the current vaccine strategy could 

induce antigen spreading and generating immune responses against other PAP epitopes or against 

other prostate specific antigens such as PSA or PSMA. 

 

7.5.  Conclusion and future work 

The development of new immunotherapies for the treatment of cancer constitutes a major 

challenge. Most preclinical studies are never translated into human studies. The few, most 

successful, tested in clinical trials, do not achieve the same level of anti-tumour response in cancer 

patients. This is partly due to the heterogeneity of cancer patients, whereas preclinical studies are 

performed on few mouse models with identical genetic background. Therefore, there is no 

possibility to predict the success of a preclinical treatment once translated in human clinical trials. 

 

This study demonstrated the therapeutic potential of a newly developed vaccine targeting PAP 

antigen for the treatment of PCa. 

This research lead to the development of an immunogenic vaccine strategy targeting 42AA of the 

PAP protein optimised by rendering its sequence more foreign and by selecting a strong adjuvant. 

Two mouse models allowed to demonstrate both the potential translation of this work for human 

HLA-A2+ patients and the capacity of the PAP vaccine to break tolerance towards a self-antigen. In 
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both models, selected vaccine strategies induced strong PAP-specific CD8 responses. The CAF09 + 

peptide-based vaccine rather than the ImmunoBody® DNA vaccine was shown to induce highly 

cytotoxic antigen-specific CTLs in vitro, capable of lysing target cells in a PAP-specific manner. 

Regarding the in vivo anti-tumour effect of the PAP vaccine, further studies are required to conclude. 

In the HHDII/DR1 model, the B16 tumour model was not adequate to assess the efficacy of the 

hPAP42mer mutated peptide + CAF09 adjuvant vaccine. 

In the C57Bl/6 model, the mPAP42mer mutated vaccine did not induce sufficient anti-tumour 

immunity to break tolerance in the presence of a tumour. Results obtained strongly suggest the 

necessity of combining the vaccine with other immunomodulatory treatments such as 

immunotherapies or conventional therapies as these were shown to impact the immune system. 

Although ICB have had a limited efficacy in PCa patients so far, they have shown some effects in 

subsets of patients as well as in combination with therapeutic vaccines. Until now, studies have 

concentrated mainly on anti CTLA-4 and anti PD-1/PD-L1 monoclonal antibodies, yet, there is an 

abundance of ICB antibodies with a therapeutic potential for PCa patients. For example, LAG-3 and 

TIM-3 molecules were co-expressed with PD-1 on T-cells in our model and could be targeted. The 

expression of VISTA molecule was not assessed but could a potential target as it was shown to be 

increased following Ipilimumab treatment in PCa patients (Gao, et al. 2017). 

MDSCs might also be a suitable target to improve the vaccine efficacy as these cells were found in 

TRAMP-C1 tumours (data not shown), have been observed in the blood of PCa patients (Idorn, et 

al. 2014), with an increased proportion in patients with visceral metastases (Autio, et al. 2015) and 

their blockade was shown to sensitize PCa patients to ICB therapies (Lu, et al. 2017). 

 

In order to render this work more relevant to the pathophysiology of PCa, an ongoing collaboration 

is assessing the anti-tumour efficacy of the mPAP42mer mutated peptide with the CAF09 adjuvant 

vaccine against spontaneous prostate tumours in TRAMP mice. These tumours grow spontaneously 

and slowly in the prostates of mice which will make these results highly informative. 

 

Finally, the potential of the hPAP42mer mutated vaccine to elicit PAP-specific responses in PCa 

patients was reinforced by the fact that 37.5% of the 16 PCa patients tested had pre-existing 

circulating ILL-specific CTLs. However, the questions of whether or not ILL epitope is a naturally 

processed epitope specific for PAP and if ILL-specific CTLs can lyse prostate tumour cells remain 

unanswered. Our findings neither corroborate Machlenkin et al. findings that ILL-CTLs could lyse 

LNCaP cells (Machlenkin, et al. 2005) nor contradict Olson et al. observations that ILL-CTLs from 

prostate cancer patients could not lyse prostate cancer cells (Olson, et al. 2015). Further studies are 

therefore required to conclude. 
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