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Prostate cancer
 
	 Prostate cancer is a disease of elderly males. An increase in prostate 
cancer is expected in the coming years due to a growing population of 
men aged over 60 years of age from 475 million in 2009 to 1.6 billion in the 
year 2050 worldwide. Moreover, if screening for prostate cancer is taken 
into account, even more men will be diagnosed with this disease.[1-3] 

	 In the early disease stages, prostate cancer is a slow-growing and 
symptom-free malignancy. Men suffering from prostate cancer are 
more likely to die of causes unrelated to the condition, such as heart/
circulatory disease, pneumonia, or old age. PIN, prostatic intraepithelial 
neoplasia, lesions are considered to be a pre-cancereous condition.[4]  
Once prostate cancer has developed, mostly adenocarcinomas in the 
peripheral zone of the prostate are observed and different disease 
stages can be identified. The TNM classification is used to describe 
the stages of the primary tumor (T), the regional lymph nodes (N), and 
distant metastases (M). Combining the T, N and M stages for a prostate 
tumor gives an indication of the extent of the disease (Table 1). At 
T-stage 1 and 2, the cancer is confined to the prostate. Once the cancer 
has spread outside the outer layer of the prostate and invades nearby 
tissues such as bladder and rectum, the cancer is staged at T3 or T4. 
Metastatic prostate cancer has spread throughout the patient’s body 
most often to regional or distant lymph nodes (N+) and the bone (M+). 
At this stage patients often present themselves with the first clinical 
symptoms which is usually bone pain due to skeletal metastases. 
As a result of prostate cancer screening, patients are nearly always 
diagnosed with asymptomatic localized prostate cancer.
	 The traditional method for the detection of prostate cancer is digital 
rectal examination of the prostate (DRE),[5] to indicate areas of abnormal 
consistency and local nodules. Serum prostate-specific antigen (PSA) 
is used to support prostate cancer detection.[6] PSA is a glycoprotein 
produced by the epithelial cells of the prostate gland that liquefies semen. 
Elevated PSA levels suggest the presence of prostate cancer.[5] However, 
PSA lacks cancer specificity and increased PSA levels are also oberved in 
case of prostatitis, trauma, benign prostatic hyperplasia (BPH) and recent 
ejaculation, which may lead to overdiagnosis and overtreatment.[7-10] 
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Table 1.	TNM clinical classification for prostate cancer extent of disease 

		  (TNM classification of malignant tumors, 7th edition, UICC, 2009).

T – Primary Tumor		

T X				    Primary tumor cannot be assessed

T0				    No evidence of primary tumor

T1				    Clinically inapparent tumor not palpable or visible by 
				    imaging

			   T1a	 Tumor incidental histological finding in 5% or less of 
				    tissue resected

			   T1b	 Tumor incidental histological finding in more than 5% of 
				    tissue resected

			   T1c	 Tumor identified by needle biopsy 
				    (e.g., because of elevated PSA)

T2				    Tumor confined within prostate1

			   T2a	 Tumor involves one half of one lobe or less

			   T2b	 Tumor involves more than half of one lobe, but not both

			   T2c	 Tumor involves both lobes

T3				    Tumor extends through the prostatic capsule2

			   T3a	 Extracapsular extension (unilateral or bilateral)

			   T3b	 Tumor invades seminal vesicle(s)

T4				    Tumor is fixed or invades adjacent structures other than 
				    seminal vesicles: bladder neck, external sphincter, 
				    rectum, levator muscles, or pelvic wall

N – Regional Lymph Nodes

NX				    Regional lymph nodes cannot be assessed

N0				    No regional lymph node metastasis

N1				    Regional lymph node metastasis

M – Distant Metastasis3

M0				    No distant metastasis

M1				    Distant metastasis

			   M1a	 Non-regional lymph node(s)

			   M1b	 Bone(s)

			   M1c	 Other site(s)

1	 Tumor found in one or both lobes by needle biopsy, but not palpable or visible by imaging, is  

	 classified as T1c. 

2	 Invasion into the prostatic apex, or into (but not beyond) the prostate capsule, is not classified as   

	 T3, but as T2. 

3	 When more than one site of metastasis is present, the most advanced category is used. pM1c is  

	 the most advanced category.



	 General Introduction	 |	 13

C
H

A
P

T
E

R
 1

Based on the outcomes of DRE and/or PSA level, biopsies of the prostate 
tissue can be taken under the guidance of transrectal ultrasound (TRUS) 
that are possibly related to prostate cancer.[5]  The definite diagnosis of 
prostate cancer is made by a pathologist by histological examination 
of at least six to eight fine needle biopsy cores. The number of positive 
biopsy cores, the extent of malignant tissue in the core and the degree of 
histological differentiation are important parameters to assess the state 
of disease.[11-13]  The histological differentiation of the cancer tissue refers 
to the expected potential of the cancer to spread to other organs and is 
expressed in the Gleason grading system.[14, 15]  The histological pattern 
of neoplastic cells in haematoxylin-eosin-stained sections is scored by 
the pathologist, and the most common (>50% of the total pattern) as 
well as the next most common tumor patterns (<50%, but at least 5%) 
in the biopsies are graded (Fig. 1). The two Gleason grades (range 1 to 
5, with 5 having the worst differentiation) are added, resulting in the 
Gleason score (range from 2 to 10, with 10 having the worst prognosis). 
To diagnose and visualize possible metastases, a bone scan can be 
made or computed tomography (CT) can be applied for abdomen and 
pelvis. To gain additional information on the local growth and nodal 
spread, magnetic resonance imaging (MRI) is increasingly used.

Figure 1.  The five histological Gleason grades of prostate cancer 

(Humpath.com – Human pathology, Paris, France).
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	 Localized prostate cancer may be treated with surgery or radiation 
therapy. Surgical treatment involves the removal of the prostate gland 
and seminal vesicles via open, laparoscopic or robot-assisted radical 
prostatectomy. The aim of surgical intervention is to remove all 
malignant tissue and to achieve cure of the disease, while preserving 
sexual and urinary functions as much as possible.[16, 17] Radiation 
therapy, like external beam radiation therapy, brachytherapy and the 
combination of both, aims to eradicate the prostate cancer by radiation 
of the entire prostate gland and seminal vesicles.[18] Besides surgery or 
radiotherapy, active surveillance (watchful waiting) is an option, when 
the tumor is small in size, well differentiated and is unlikely to spread 
quickly. Most active surveillance regimes follow the patient, at a 3- to 
6-monthly interval during the first one or two years, by DRE, serum PSA 
levels or TRUS-guided biopsies to assess progression. If reclassification 
from low to a higher disease stage is detected the patient can still be 
treated by surgery or radiotherapy. 
	 Unfortunately, for metastasized prostate cancer only palliative 
treatments are available that are focused on extending lifetime and relief 
of symptoms. Hormone therapy is the base of all therapies. It reduces 
the production of male sex hormones (androgens) or blocks their action 
to stop the cancer cells from growing. However, in almost all patients a 
subset of tumor cells eventually is or becomes androgen independent, 
resulting in progression of the disease.[19] At this stage, chemotherapy 
like docetaxel can be used to palliate cancer-related symptoms.[20, 21] 

Cabazitaxel, abiraterone acetate or enzalutamide have recently (2010-
2012) been approved by the U.S. Food and Drug Administration (FDA). 
These drugs can be used to relieve the symptoms of patients with late-
stage hormone therapy resistant prostate cancer who have previously 
received a docetaxel containing regimen.  
	 In all stages of the disease new therapeutic modalities are needed, 
including neoadjuvants to curative strategies. In comparison to other 
malignancies, prostate cancer is usually a slow progressing disease 
which allows for an active surveillance regime in low volume low risk 
disease, and provides a time window to treat the patient. This time 
window also allows for complex therapies such as immune therapy to 
be applied. 
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	 Immunotherapy seems a promising approach in the treatment of 
prostate cancer. Autoantibodies have been detected in patients with 
prostate cancer,[22] suggesting some degree of immunogenicity that 
might play a role in anti-tumor defense.  Additionally, prostate cancer cells 
express tumor associated antigens (TAAs) that could be used to develop 
or promote potent anti-cancer immune responses. Immunotherapy 
might be used to treat local disease as well as metastases in a selective 
manner. Currently, more than 65 immunotherapeutic trials are registered 
for prostate cancer at www.clinicaltrials.gov. 

1.1	 Immunology

	 The immune system includes non-specific and specific responses. 
The more a-specific (innate) immune response is the first line of defense 
using receptors with basic specificities. Cells of the innate immune 
response include leucocytes like natural killer (NK) cells, mast cells, 
eosinophils, basophils and phagocytic cells such as macrophages, 
neutrophils and dendritic cells. Innate immunity functions to remove 
potential pathogens and to recruit the specific (adaptive) immune 
cells. The adaptive response involves T and B lymphocytes that use 
highly specific receptors generated through gene rearrangements.  The 
adaptive response is extremely effective and is restricted by the high 
specificity of the receptors. 
	 T lymphocytes originate from the thymus.  Via the blood, thymocytes 
migrate from the bone marrow to the thymus and expand by cell division. 
These immature thymocytes present receptors on the membrane that 
were randomly generated via gene rearrangements of the variable, 
diverse and joining gene segments (V(D)J rearrangement). These random 
gene rearrangements result in functional  T cell receptors (TCR) and also 
non-functional and auto-reactive receptors.  TCRs consist of two different 
protein chains, an alpha and a beta fragment in 95% or gamma and 
delta fragment in 5% of the peripheral blood T lymphocyte population. 
Each chain is again divided into a constant (C) region anchored into the 
cell membrane, and a variable (V) region, in which the hyper variable 
V(D)J region is located, able to bind to presented antigens (Fig. 2).  
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Through positive selection in the cortex of the thymus, T lymphocytes 
are tested for reactivity and specificity of their presented receptors 
to several cell surface molecules. This selection is followed by a 
negative selection in the medulla, where auto-reactive lymphocytes 
are eliminated and the remaining functional T lymphocytes mature and 
enter the circulation. Since the negative selection is not eliminating all 
auto-reactive lymphocytes, some are released into the circulation where 
they are actively suppressed by for instance regulatory T lymphocytes 
(Treg). Although the mechanism of suppression is not exactly clear, it 
is assumed that Tregs terminate immune responses at the end of the 
response in order to prevent excessive reactions as well as self-reactivity. 
	 The circulating cells encounter antigen presenting cells (APC) in the 
lymph nodes. These APCs present peptide fragments in the context 
of major histocompatibility (MHC or human leukocyte antigen (HLA)) 
molecules on the cell membrane. The peptide-MHC complex can be 
bound by the T cell via its receptor. After binding the T lymphocyte 
becomes fully activated due to a co-stimulatory signal, provided by co-
stimulatory molecules expressed on the membrane of APCs or T cells. 
Co-stimulatory molecules for activation are among others provided 
by membrane bound CD28, CD4, and CD8, whereas the CD3z chain 
joins antigen recognition to several intracellular signal-transduction 
pathways. Full activation mediates a specific immune response. In the 
APC, proteins from extracellular uptake are digested and processed in 
a lysosome, after which the digested peptides are bound to MHC class 
II molecules.  T-helper (CD4+) lymphocytes are able to recognize the 
peptide in the MHC class II context, which activates and mediates the 
humoral immune response. In nucleated cells, self peptides derived 
from protein turnover and defective ribosomal products are presented 
by MHC class I molecules. Also, proteins derived from bacterial- or viral 
infection or cancerous transformation are degraded in a proteasome 
and presented. When a cytotoxic (CD8+) T lymphocyte docks to the 
presented antigen and its T cell receptor (TCR) binds, the T cell induces 
apoptosis in the APC.
	 In the bone marrow, B lymphocytes develop and the antibody 
based membrane-bound B lymphocyte receptors (BCRs) are tested for 
auto-reactivity.  Those B lymphocytes with a BCR that binds too strong 
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to self-antigens will go into apoptosis, while the remaining immature 
cells migrate to the spleen for further maturation. Matured B cells enter 
the circulation from the spleen, and are able to bind free (soluble) target 
antigens in the blood or lymph. Upon binding, the antigen is ingested 
via endocytosis, digested and presented in the context of a MHC class II 
molecule on the cell surface. Binding and recognition of the presented 
antigen by a  T-helper lymphocyte stimulates the clonal expansion of the 
B lymphocyte and differentiation into plasma B cells that secrete large 
amounts of antibodies. The antibodies bind to the target antigens that 
facilitates recognition by phagocytes and activation of the complement 
system, responsible for opsonization, chemotaxis and target cell lysis. 
The Fab fragment of antibodies consist of constant CL and CH regions 
and the variable VL and VH regions similar to the structure of  TCRs 
expressed on T lymphocytes (Figure 2). During the primary antigen 
specific B lymphocyte response, memory B cells are generated, which 
are able to survive for years or even a lifetime. Upon a secondary 
exposure to the antigen, plasma cells are directly formed from memory 
B lymphocytes.

	 Despite the presence of tumor associated antigens (TAAs) on 
tumor cells, the immune system seems to fail to recognize and/or 

Figure 2. Schematic impression of a T cell receptor (TCR), an antibody and a chimeric antigen 

receptor (CAR).
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reject tumors. Examples of such antigens are the viral antigens of 
Epstein-Barr virus (EBV) and human papilloma virus (HPV) and proteins 
aberrantly expressed on tumor cells that are normally only present in 
testis or fetal tissues (MAGE, NY-ESO-1) and the expression of fusion 
proteins (TMPRSS2:ERG).[23, 26, 28, 29] Also mutations of genes like p53 
(loss), c-myc (over-expression), or alternations in expression levels of 
molecules like Ki-67 (up-regulation) and overexpression of cell-lineage 
specific proteins (FGFR1, WT1) are not detected.[24, 25, 27] A reason for 
the immunological escape is selection by the immune system. This 
positive selection of tumor cells includes several mechanisms. Loss of 
target antigens or down-regulation of molecules involved in antigen 
processing and presentation play an important role, as well as over-
expression that leads to a desensitized immune system resulting in 
tolerance to the antigen.[30-32] Moreover, many tumors express cytokines, 
like interleukin-10 and transforming growth factor (TGF)β that dampen 
the immune system.[33] For example, a tumor directed immune response 
might be inhibited by TGFβ expression that promotes regulatory T 
cell survival.[34-36] Moreover, many tumors express cytokines, like 
interleukin-10 and transforming growth factor (TGF)β that dampen the 
immune system.[33] For example, a tumor directed immune response 
might be inhibited by TGFβ expression that promotes regulatory T cell  
survival.[34-36] Besides mechanisms as immune suppression and 
induction of tolerance, tumors also evade immune destruction via 
immune checkpoints. The eventual amplitude and quality of a T cell 
response depends on the balance between co-stimulatory and inhibitory 
signals i.e. immune checkpoints to avoid overactivation which can harm 
healthy tissues.  When a T cell recognizes its cognate antigen through its  
TCR, immune checkpoint proteins can either stimulate (co-stimulatory 
molecules) or inhibit (co-inhibitory molecules) T cell activation. Via the 
expression of co-inhibitory molecules tumor cells may escape from an 
efficient immune response. On many solid tumors the programmed 
death 1 ligands (PD-L1 and PD-L2) are expressed, which are able to bind 
to the protein programmed death 1 (PD-1) resulting in deactivation of  
T cells. Blockage of this T cell inhibiting interaction with anti-PD-L1 or anti-
PD-L2 antibodies results in a persistence of activated T cells. Also, the 
blockage of the B7-family molecules by ipilimumab prevents binding of 
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the T cell inhibitory receptor CTLA-4 and therefore T cell deactivation.[37-40]  
Strategies like PD-L targeting, systemic administration of cytokines, 
glycolipids or biphosphonate compounds to activate innate immunity 
are immunotherapeutic approaches to overcome the immunological 
escape of tumors.[41, 42] Similarly, modulation of the adaptive immune 
response via adoptive T cell therapy (ATCT) or by vaccination therapy 
are attractive strategies.

1.2	 Adoptive T cell therapy (ATCT)

	 ATCT is based on the reactivity of T lymphocytes against specific 
cancer antigens. For ATCT, tumor-reactive T lymphocyte populations 
(autologous or allogenic) are expanded ex vivo. Once transfused into 
the patient, the T cells can traffic to both primary tumor and metastases 
and mediate cancer cell destruction.[43-46] Adoptive cell therapies using 
tumor-infiltrating lymphocytes (TILs), showed some benefit with regard 
to efficacy and survival.[47] However, infused TILs do not persist in vivo 
limiting their anti-tumor activity. Furthermore, mouse models showed 
that the efficacy was reduced by Tregs, low levels of stimulating 
cytokines and competition for those cytokines by other T lymphocytes, 
such as Interleukin (IL-)7 and IL-15 supportive in the survival and 
proliferation of (adoptively transferred) T cells. To improve the ATCT 
efficacy, hosts can be immunosuppressed by total body irradiation or 
chemotherapy, resulting in depletion of Tregs and competing immune 
cells for homeostatic cytokines.[48-52] Drawbacks of TIL-based ATCT are 
that patients must be able to tolerate the immunodepletion and must 
have resectible lesions to isolate TILs. Unfortunately, not all solid tumors 
give rise to high levels of TILs that have antitumor activity, therefore, 
T lymphocytes were genetically engineered to express T cell receptors 
(TCR) against tumor antigens.
	 Retroviral transduction of T lymphocytes in vitro with genes 
encoding a cancer antigen specific TCR, produces circulating T 
lymphocytes with anti-tumor activity. The replication deficient virus 
integrates in the genome, resulting in stable TCR expression.[53] Besides 
the use of native TCRs, single chain TCRs (scTCR) or chimeric antigen 
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receptors (CAR) can be used to redirect T lymphocytes. The scTCR 
consists of a TCR-Va connected to a Vb by a flexible linker, followed 
by TCR-Cb fused to a transmembrane and endodomain. CARs are 
engineered receptors and consist of a single chain variable fragment 
(scFv) derived from antibodies (Fig. 2). The CD3z is the most commonly 
used endodomain component, and is the business-end of the receptor. 
CARs and TCRs recongnize different structures, three-dimentional 
structures of cell surface proteins are recongnized by CARs while 
TCRs recognize peptides from internal cellular proteins presented on 
MHC or HLA molecules. Because CARs enable target antigen binding 
independent of MHC presentation,[54-56] they can bypasses the need 
for antigen presentation by MHC that is often downregulated in tumor 
tissue. When the scFv recognizes its cognate antigen, the receptors 
cluster and an activation signal is transmitted into the T lymphocyte 
through the CD3z component. Normal T cell activation not only 
depends on engagement of  TCR and its cognate antigen but also on 
co-stimulatory signals. Therefore, CARs were developed that harbor 
one or more co-stimulatory molecules within the endodomain, like 
CD28, to improve antigen specific  T cell activation and expansion.[55, 

57-59] 
	 Clinical trials with TCR-based engineered T cells in combination 
with pre-infusion immunodepletion have shown evidence of “on-
target” toxicity. However, the approach seems restricted to patients 
with common HLA types.[53, 60, 61] Unfortunately, clinical trials with CAR-
based engineerd T cells needs further refinement. Toxicity upon CAR 
engineered T cell infusion has been reported.[62, 63] Although the cause 
of the observed toxicity could not be explained clearly, “on-target but 
off-organ” effects and the possibility of too easily triggering of CARs 
by low avidity “off-target” binding might contributed to a serious 
cytokine storm. To overcome such adverse events, lower T cell doses 
are evaluated and suicide genes like thymidine kinase and icasp9 are 
suggested to be included in the engineered cells to increase patient 
safety.[64, 65] Furthermore, before submitting a patient to a severe ATCT 
procedure, selection of patients on basis of antigen expression can 
increase efficacy of the procedure. Both TCRs and CARs can be used, 
in vitro, to confirm the presence of target antigen on tumor tissue. 



	 General Introduction	 |	 21

C
H

A
P

T
E

R
 1

1.3	 Vaccination therapy

	 Stimulation of adaptive immunity against tumors via vaccination is 
a promising strategy. In general there are two types of cancer vaccines, 
preventive (prophylactic) and therapeutic vaccines. Prophilactic vaccines 
aim to prevent cancer development in healthy people, whereas therapeutic 
vaccines are designed to treat an existing cancer.[66, 67] In case of cervical 
cancer a preventive vaccine was developed against the human papilloma 
virus (HPV), which is associated with the development of cervical cancer.  
Vaccination with HPV-like particles (VLP) resulted in an immune response 
against the major capsid protein L1 and immunological memory for this 
protein. This memory can protect the host against future HPV infections 
expressing the L1 protein and consequently from cervical cancer.  The L1-
based HPV vaccine does not protect against established HPV infections 
or HPV associated lesions. It is thought that elimination of pre-existing 
lesions might be possible using HPV vaccines targeted towards HPV-
infected cells expressing early viral proteins such as E6 and E7.[68] For 
prostate cancer, therapeutic vaccination strategies are mostly based on 
dendritic cells and tumor cells.
	 Dendritic cells are APCs that play a critical role in the induction of 
potent anti-tumor immunity, as these cells can effectively present tumor 
antigens (HLA class I or class II restricted) to T lymphocytes. Dendritic cell 
based vaccines are generated from monocytes via a multistep process in 
vitro.  The dendritic cells are activated and loaded with antigen.[69] When 
transfused into the patient, lymphocytes are stimulated by the loaded 
antigen, and an immune response against the antigen is initiated. In 
2010 the FDA approved the first therapeutic cancer vaccine based 
on APCs.  This vaccine, Sipuleucel-T, is approved for the use in men 
with metastatic prostate cancer. The vaccine is customized to each 
patient and designed to stimulate an immune response to prostatic 
acid phosphatase (PAP), presented on most prostate cancers. APCs 
are isolated from the patient’s blood and cultured with a recombinant 
protein called PAP-GM-CSF, that consists of PAP linked to granulocyte-
macrophage colony-stimulating factor (GM-CSF) that stimulates the 
immune system and enhances antigen presentation. Once transfused 
into the patient, the PAP-GM-CSF loaded APCs are able to stimulate  
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T lymphocytes against PAP expressing prostate cancer tissue. Although 
the Sipuleucel-T vaccine mechanism is not exactly known, patients treated 
with the Sipuleucel-T showed a prolonged survival of about 4 months 
without severe effects on the quality of life.[70] 
	 Tumor cell based vaccines, using weakened or deactivated cancer 
cells, stimulate the patients antigen presentation system. Using 
cancer cells for vaccination has the advantage that all antigens are 
presented to the immune system. Adjuvants are often added to the 
vaccines to stimulate immune responses, since these tumor cells 
had already escaped immune surveillance.[71] An example is the 
bacillus Calmette-Guérin (BCG) adjuvant that was initially used as a 
vaccine against tuberculosis.[72] Interferons (IFNs), interleukins (ILs) 
and colony–stimulating factors (CSFs), can also serve as adjuvants. 
However, to reach biologically meaningful concentrations high doses 
of cytokines need to be administered. Such high concentrations are 
associated with systemic toxicity which limits the use and efficacy.[42] 
The genetic modification of tumor cells in order to secrete cytokines 
locally, the toxic effects of systemic administration can be avoided 
while biologically meaningful concentrations are reached at the site of 
vaccination. Research on vaccination with genetically modified tumor 
cells in mice showed rejection of tumor cells by the host with minimal 
side effects,[73-77] whereas unmodified cells were not rejected.[76] A 
vaccination study with intradermally injected LNCaP cells, retrovirally 
transduced to secrete IL-2 and IFNγ [78, 79] stabilized PSA levels as well 
as the growth of bone metastases and an increase of  T lymphocytes 
in the majority of patients with androgen independent prostate cancer. 
This vaccination strategy did not result in severe autoimmune toxicity. 
Another study used a genetically modified vaccine known as GVAX, 
which consists of two allogeneic prostate cancer cell lines (PC3 and 
LNCaP) that secrete GM-CSF. For this vaccine, two clinial trials were 
initiated, however, both were terminated due to unexplained increase in 
deaths in the immunotherapy arm of the study.[80]  The first clinical phase 
I trial using autologous IL-7 gene modified tumor cells for vaccination 
resulted in increased numbers of tumor-reactive and cytolytic cells in 
patients suffering from melanoma. Although this vaccine did cause 
mild fever in some patients, no major toxicity was observed.[81] 
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	 Locally produced cytokines are able to boost the immune response 
upon vaccination with prostate cancer cell lines. A key component in the 
development of the adaptive immune system is IL-7, which is known to 
be secreted mainly by stromal cells in the red marrow and the thymus.[82, 

83] The influence of IL-7 on the immune system was demonstrated in mice 
studies which showed a decrease of B- and  T lymphocytes upon IL-7 gene 
inactivation.[84-87] In humans, administration of IL-7 resulted in an increase 
of  T lymphocytes, and increased tumor-infiltrating  T lymphocytes.[88] 

1.4	 IL-7 and (pre-)clinical research

	 IL-7, initially isolated over 10 years ago,[89] acts via its receptor (IL-7R) 
that consists of an a-chain (CD127) and the common cytokine receptor 
γ-chain (CD132) which is shared with common γ-chain family cytokines 
IL-2, IL-4, IL-9, IL15 and IL-21. Activation of common γ-chain comprising 
receptors generally activates signalling pathways (PI3K-Akt, RAS-MAPK, 
JAK-STAT) that promote cellular development, survival, proliferation 
and differentiation of immunological cells. Binding of IL-7 to IL-7R 
activates IL-7 signalling resulting in survival, proliferation, differentiation 
and maturation of IL-7R expressing cells. Binding of IL-7 to its receptor 
also downregulates IL-7Ra expression in T lymphocytes. This ensures 
that T lymphocytes will not compete with T lymphocytes that have 
yet to encounter IL-7.[90, 91] Despite molecular differences between 
human and murine IL-7, the biological activity of IL-7 is not species 
specific. Homeostasis, survival and development of T lymphocytes, B 
lymphocytes, dendritic cells and natural killer cells, are mainly mediated 
via IL-7. In the absence of IL-7 neither CD4 nor CD8 expressing effector 
cells generate persisting memory cell populations.[92] Moreover, in the 
absence of thymic function, and therefore in the absence of mature 
T lymphocytes, IL-7 is able to restore immune competence via T 
lymphocyte regeneration.[93] 
	 In the first clinical studies on IL-7, recombinant human IL-7 (rhIL-7) 
was used produced by Escherichia coli. Currently rhIL-7 produced by 
eukaryotic cells is used. The glycosylation profile of eukaryotic rhIL-7 is 
more similar to the native IL-7 protein, and administration did not lead to 
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Table 2.  Clinical trials on IL-7 registered at “clinicaltrials.gov” (September 2012)

Protocol		  ClinicalTrials, 	 Conditions	 Recruitment	 Start Date
			   gov identifier			 

Therapeutic Intensification Plus Immuno-	 NCT01019551	 HIV-1 Infection	 Active,	 September 2010
modulation in HIV-infected Patients			   not recruiting

Study on Interleukin-7 (CYT107) 	 NCT01190111	 HIV	 Active, 	 January 2010
in HIV Patients			   not recruiting

Interleukin-7 in Treating Patients 	 NCT00062049	 Unspecified	 Completed	 April 2003
With Refractory Solid Tumors		  Adult Solid Tumor

Interleukin-7 and Vaccine Therapy in	 NCT00091338	 Melanoma (skin)	 Completed	 August 2004
Treating Patients With Metastatic Melanoma

Safety of Interleukin-7 in HIV Infected	 NCT00099671	 HIV infection	 Completed	 not known
People Currently Taking Anti-HIV Drugs

Interleukin-7 to Treat HIV-Infected People	 NCT00105417	 HIV infection, 	 Completed	 March 2005
Receiving Anti-retroviral Treatment		  HIV

IL-7 Receptor Polymorphisms and	 NCT00168207	 HIV Infection	 Completed	 May 2005
Immune Recovery With HAART

Safety Study of IL-7 in HIV-infected 	 NCT00477321	 HIV infection, 	 Completed	 May 2007
Patients (Inspire)		  Lymphopenia

Safety Study of IL-7 in Recipients of a	 NCT00684008	 AML, CML, MDS	 Completed	 March 2008
Hemopoietic Stem Cell Transplant
Peripheral Blood Stem Cell Transplant

Genetic Basis of Primary 	 NCT00001788	 Immunologic	 Recruiting	 October 1998
Immunodeficiencies		  Deficiency 
				    Syndrome

Interleukin-7 (CYT107) Treatment of	 NCT00839436	 Idiopathic CD4+ 	 Recruiting	 February 2009
Idiopathic CD4 Lymphocytopenia: 		  T-Lymphocyto-
Expansion of CD4 T Cells (ICICLE)		  penia

Dose Escalation Study of Interleukin-7 (IL-7)	 NCT01024894	 Hepatitis C	 Recruiting	 January 2009 
and Bitherapy in Asiatic HCV Patients
Resistant to Bitherapy

Dose Escalation Study of Interleukin-7 (IL-7)	 NCT01025297	 Hepatitis C	 Recruiting	  July 2008
and Bitherapy in HCV Genotype 1 or 4 
Patients Resistant to Bitherapy Alone

Dose Escalation Study of IL-7 and	 NCT01025596	 Hepatitis C	 Recruiting	 January 2009
Bi-therapy in HCV Patients Resistant 
After 12 Weeks of Bi-therapy (ECLIPSE 1)

Dose Escalation of Interleukin-1 (IL-7) 	 NCT01027065	 Chronic	 Recruiting	 December 2009
Added on Anti-viral Treatment and 		  Hepatitis B
Vaccination in HBeAg negative Chronic 
Hepatitis B Virus (HBV) Infected Patients 
Randomized Study on Multiple Cycles of	 NCT01241643	 HIV infection	 Recruiting	 September 2010
Interleukin-7 in HIV Patients Immune 
Non-responders
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acute toxicity or significant capillary leaks which are associated with IL-2 
and IL-11 administration.[94, 95]  The most common side effects to rhIL-7 
were low-grade fever, malaise, transient increases of liver enzyme levels, 
erythema and induration at the site of administration.[96, 97] Furthermore, 
the measured half-life of rhIL-7 was 6-10 hours, and the biological effects 
persisted well beyond the time that circulating levels of IL-7 returned to 
baseline.[96] At “clinicaltrials.gov”, 20 clinical trials have been registered 
studying IL-7 (Table 2). Although much knowledge on IL-7 has been 
gained over the years, there is hardly any research on IL-7 in relation to 
prostate cancer. Studies on IL-7 in mice demonstrated that a high local 
IL-7 concentration, due to IL-7 producing tumor cells, leads to tumor 
rejection together with infiltration of tumor tissue by T lymphocytes.[75, 76] 

Co-transfection of B7.1, to promote T cell proliferation and activation, 
induced a strong protective immunity superior to that induced by 
single gene transfectants and to adjuvant Corynebacterium parvum.
[86] Vaccination with tumor cells expressing IL-7 or IL-7/B7.1, however, 
was reported not to be superior to the parental cells mixed with an 
adjuvant.[86, 98]  To enhance T lymphocyte activation, and therefore 
the anti-tumor immune response, antigen loaded dendritic cells were 
retrovirally transduced to express IL-7. This approach resulted in an 
increased  T cell proliferation, which suggested a tool to generate 
tumor-specific T lymphocytes.[99]

	 Only a few articles describe a direct relation between IL-7 and prostate 
cancer. These papers showed that IL-7 levels and IL-7 expression could 

Protocol		  ClinicalTrials, 	 Conditions	 Recruitment	 Start Date
			   gov identifier			 

Improving the Immune System	 NCT01339000	 Breast Cancer, 	 Recruiting	 April 2011
With Human IL-7 Vaccine in Older Subjects 		  Colon Cancer,
Who Have Had Chemotherapy		  Bladder Cancer

Study Evaluating Impact of IL-7 on CD4 	 NCT01368107	 Metastatic	 Recruiting	 June 2011
Lymphopenia, Risks of Severe Haemato-		  Breast Cancer
logical Toxicity and Tumor Progression 
in Metastatic Breast Cancer Patients

Interleukin-7 in Treating Patients With 	 NCT00492440	 Kidney Cancer or	 Terminated	 May 2007
Metastatic Melanoma or Locally Advanced 		  Melanoma (skin)
or Metastatic Kidney Cancer
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be measured in serum of prostate cancer patients and prostate tissue, 
respectively.[100] IL-7 serum titers were found to be increased in prostate 
cancer patients with early stage prostate cancer compared to benign 
prostate hyperplasia patients.  This increase was also observed in patients 
with bone metastases. In these patients, IL-7 expression in prostate 
cancer tissue was similar to normal prostate tissue, before and after 
androgen withdrawal.[101-103] It was suggested that an increase in epithelial 
IL-7 expression supports intraprostatic lymphocyte survival. The loss of 
epithelial IL-7 expression is related to a reduction of prostate associated 
lymphocytes that might support immunological tumor escape.[104]

	 In view of the fact that prostate cancer is a slowly progressing 
disease, it might provide enough time after diagnosis to develop a 
potent anti-prostate cancer response via modified T cell infusions 
or vaccinations to stimulate the immune system. It has been 
demonstrated that the majority of the prostate cancer patients have an 
anti-tumor response despite their advanced age and/or tumor status.
[22, 105] In addition, active immunotherapy against prostate cancer was 
shown to be effective when administered after androgen ablation.
[106] Therefore, immunotherapy might offer a new strategy against 
localized prostate cancer, as well as metastatic disease for which only 
palliative treatments are available today. Unlike the current palliative 
treatments, immunotherapy does not rely on hormone susceptibility or 
cell proliferation, and can be directed against any antigen expressed by 
the prostate (cancer) cells.
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2.0	 In vitro and in vivo models 

	 Several in vitro and in vivo models representing specific aspects 
of prostate cancer have been developed during the last four decades 
to evaluate novel therapeutic approaches. Models that closely mimic 
the various phases of prostatic disease in human are avaible to date. 
However, none of these exactly represents the human situation. 
Therefore, when testing a hypothesis in models, one should carefully 
consider whether the characteristics of a model are suitable for the test. 
In vitro cell culture models for prostate cancer consist of immortalized 
prostate cancer cell lines such as DU-145, PC-3, LNCaP, VCaP, DuCaP 
and PC346C.[1-4] The most widely used 2D cell cultures consist of a 
single layer of cells grown on artificial surfaces in growth medium.  
These cell cultures are easy to handle and provide research options 
for gene and protein expression, target identification and the effects of 
novel drugs. For example, recently the cytotoxic effect of phenoxodiol 
on LNCaP, PC-3 and DU-145 was studied. Phenoxodiol was reported to 
show cytotoxic effects against e.g. ovarian cancer, was able to inhibit 
cell proliferation, and has anti-angiogenic properties.[5-8] The effect of 
phenoxodial on LNCaP, PC-3 and DU-145 was the induction of cell death 
in all three prostate cancer cell lines.[9] For further validation and as 
an intermediate step to pre-clinical validation studies in mice, 3D cell 
culture models can be used. The 3D cell culture allows cells to grow in 
all directions, attach to one and other and form more natural cell-to-
cell attachments. This better resembles in vivo properties compared 
to 2D cell culture.[10] The 2D and 3D in vitro cell line models are high 
throughput tools for cancer research and are low in cost compared to 
mouse models. However, the above mentioned cell lines were originally 
derived from prostate cancer metastases, which suggests that they are 
not similar to primary andenocarcinomas of the prostate. Furthermore, 
cell lines might alter gene expression and cell characteristics due to 
multiple passaging and to long-term culturing. For those reasons 
primary prostate cancer cells culture models, derived from human 
prostate cancer tissue, were developed.[11] An advantage of primary cell 
culture models was illustrated in Fas-based therapy studies, in which 
differences in sensitivity for Fas mediated apoptosis were observed. 
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Primary prostate cancer cells were used to confirm the potential of 
these therapies that were originally developed using immortalized cell 
lines. The primary cells were more sensitve to FasL mediated apoptosis 
than the PC-3 cells, which improved the therapeutic efficiency.[12, 13] 
	 In vivo models of prostate cancer often use mice as a vehicle to 
implant xenografts, or to develop spontaneous prostatic tumours. 
Anatomically, the prostate of the mouse contains four lobes,[14] whereas 
the human prostate contains only one lobe that is divided into three 
zones. Human prostate cancers are primarily observed in the peripheral 
zone of the prostate,[15] which is most similar to the dorsolateral lobe of 
the mouse prostate. 
	 In order to grow human derived tumours, mice have to be 
immunodeficient in order to avoid primary rejection of the tumour based 
on immunologic defence mechanisms. Immunodeficient mice, as a 
recipient of cell lines, primary cell cultures or xenografts, are commonly 
used for in vivo prostate cancer research. Due to immunodeficiency, 
the introduced xenografts are able to grow relatively unaffected, and 
can be transplanted from one mouse to another.[16] Several breeds 
of immunodeficient mice are available. Nude mice lack a thymus and 
therefore mature T lymphocytes. These mice are unable to generate 
an effective T lymphocyte driven immune response. Severe Combined 
Immunodeficient (SCID) mice have a genetic disorder resulting in the 
loss of both T and B lymphocytes. To further improve immunodeficient 
models, SCID mice were bred with non-obese diabetic (NOD) mice that 
are deficient in NK cells and functional APCs.  As a result, these NOD/SCID 
mice were more receptive to foreign tissue than the original SCID mice.[17] 
Breeding of NOD/SCID mice with X-SCID mice, that completely lack NK 
cells, resulted in the NOG/SCID mice that are completely deficient in B, T 
and NK cells, as well as cytokine signaling.[18]  These xenograft models can  
be used to study various stages of human prostate cancer progression, 
new targets and pre-clinical effects of therapies. The involvement of 
TMPRSS2 (Transmembrane protease, serine 2) and ERG fusion genes 
in the development of prostate cancer was explored using eleven types 
of xenografts. These xenografts represented primary prostate cancer, 
recurrent disease, local and distant metastases, and androgen-dependent 
to androgen independent tumors. Besides the gene fusion between 
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TMPRSS2 and ERG, it was observed that TMPRSS2:ERG over-expression 
was related to the expression of the androgen receptor in androgen-
dependent xenografts.[19] Xenograft models have also been used 
to identify serum markers. The serum of xenografted nude mice 
that contains xenograft derived antigens, was injected into immune 
competent mice. By profiling the subsequent antibody response on 
protein microarrays, the xenograft derived serum proteins such as 
TYRO3, AXL, MERTK, ACY1, and PSMA1 were identified.[20]  This also 
illustrates that xenograft models do not provide information on the 
immunological interactions that might play important roles. For that 
reason, a more humanized version of NOD/SCID mice model was 
established. These hu-NOD/SCID mice were irradiated after birth and 
grafted with hematopoietic stem cells from human umbilical cord blood. 
Although no full restoration of the immune system was achieved via 
this complicated technique, a more realistic tumor microenvironment 
of the grafted human tumors was obtained.[21] A study on the metastatic 
potential of LNCaP and PC-3 was performed in male hu-NOD/SCID 
engrafted with human adult bone and lung tissue. Injection of LNCaP 
and PC-3 cells mainly resulted in tumor formation in the engrafted 
bone, suggesting that prostate cancer metastasis tend to spread in a 
species and tissue specific manner.[22]

	 Although mice do not spontaneous develop prostate cancer, the 
essential functions of most mouse genes resemble those human genes 
implicated in cancer. By manipulation of (mouse) genes, such as the 
introdcution or deletion of one or several genes, genetically engineered 
mouse models (GEMM) have been developed over time. Several aspects 
of human prostate cancer can be mimicked by these models which 
facilitates research on the effects of these gene(s).[23, 24] Transgenic and 
knockout mice are extensively used to study prostate cancer genes and 
their products in an immuno-competent environment. Transgenic mice 
express introduced gene(s) after intranuclear injection of purified DNA 
in a fertilized oocyte. The introduced gene randomly intregrates in the 
mouse genome. Alternatively, knockout mice have completely lost the 
function of a certain gene. For instance, the tumor suppressor gene Pten, 
that is often inactivated in human prostate cancer, can be knocked out. 
Pten knockout mice spontaneously develope adenocarcinoma in prostate 
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epithelium.[25] This model represents multiple stages of prostate cancer 
within an immune competent environment. However, the introduced 
or knocked out genes are expressed throughout the body, which might 
affect physiological responses, induce unwanted tumor initiation or 
result in high embryonic lethality.
	 In conditional knockout systems, the genetic event can be regulated  
in tissue and time specific manners. Conditional knockout systems use  
the Cre-Lox system, which originates from P1 bacteriophages, to 
control site specific recombination in genomic DNA.[26] The system 
consists of mice expressing the Cre gene under the control of a tissue 
specific promoter and mice that contain the LoxP sequences at specific 
genomic locations. Breeding of these mice results in offspring carrying 
both the Cre gene and LoxP sites. Expression of the Cre protein results 
in recombination at the LoxP sites and subsequent deletion of the 
region surrounded by these LoxP sites. Exon deletion upon LoxP site 
recombination can result in gene inactivation.[27] Via PSA promoter 
controlled Cre expression, the Pten gene was inactivated similarly to Pten 
deletion in human prostate cancer.[28]  The Pten conditional knockout 
mice all developed PIN lesions at 16-20 weeks and prostate cancer at 
10-14 months. These lesions were of epithelial origin. Although tumor 
development requires time in conditional models, they frequently result 
in adenocarcinoma,[29, 30] while the traditional Pten knockout models 
results in PIN lesions only.[31-33] To decrease the latency periode in the 
genetically modified mice, orthotopic grafting of cell lines derived from 
these tumors in syngenic recipients might be utilized.[34, 35]

2.1	 Prostate cancer models for cell-based immunotherapy

	 In order to evaluate novel immunotherapeutic approaches, an 
immune competent mouse model is required. There are many genetically 
modified mouse prostate cancer models, which have an intact immune 
system.[36] Hyperplasia, PIN, HGPIN are often observed in single gene 
transgenic mice models. Locally invasive tumors and metastatic 
laesions are more common in models based on SV40 large and small 
t antigen and/or multiple gene alterations.[36] Despite the potential of 
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these models, variations in tumor development make these models 
difficult to handle with regard to logistics. Syngeneic transplantation 
models might therefore be a useful alternative. For prostate cancer 
immunotherapeutic research, the transgenic adenocarcinoma of the 
mouse prostate (TRAMP) and mouse prostate reconstitution (MPR) 
models together with their derived cell lines are extensively used. 
	 The TRAMP mouse model was established and characterized in 1995-
1997.  These mice, developed on a pure C57Bl/6 background, express the 
SV40 large T antigen (Tag) and small t antigen (tag) transgenes from the 
prostate-specific rat probasin promoter (PB). Upon the onset of puberty, 
prostate-specific transgene expression results in the development of 
prostate cancer.[37-39] At approximately 6 months allmost all  TRAMP tumors 
metastasize to lymph nodes, lungs and occasionally to bone, kidney and 
adrenal glands.[37, 40] The TRAMP model has been extended with several 
TRAMP derived tumor cell lines (TRAMP-C).  The TRAMP model and its cell 
lines are extensively used for the investigation of molecular mechanisms 
such as angiogenesis, progression of prostate cancer, androgen receptor 
mutations, and the development towards androgen independency.
[41-43] Evaluation of new therapies such as suicide gene therapy and 
immunotherapy can be studied via subcutaneous injections of the cell 
lines, which allow for rapid testing of novel and adjuvant therapies.[44-46]  
A vaccination study on the prophylactic effect of murine CD40 ligand 
(CD40L) transduced TRAMP-C2 cells showed induction of anti-tumor 
immunity. C57Bl/6 mice were vaccinated with irradiated, CD40L 
expressing, TRAMP-C2 cells and challenged by injecting parental 
TRAMP-C2 cells. Mice with pre-established TRAMP-C2 tumors were 
injected peritumorally with the adenoviral vector expressing murine 
CD40L. Both approaches resulted in anti-tumor immunity and suppressed 
tumor growth.[47] 
	 Another syngenic model is the MPR model based on a panel of cell lines 
derived from C57Bl/6 mice. Fetal urogenital sinus cells were retrovirally 
transduced with the ras and myc oncogenes, and grafted under the renal 
capsule of male C57Bl/6 mice.  This resulted in poorly differentiated prostate 
carcinomas.[48] When this experiment was repeated in p53 knockout 
mice, more aggressive tumor types were observed from which several 
cell lines were derived.[49] The cell lines (e.g., RM1, RM2 and RM9) have 
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been extensively used for the evaluation of gene- and immunotherapy.
[46, 50-52] For instance, the RM-9 cells were used to determine the effect of 
the combined therapy of herpes simplex virus-thymidine kinase (HSV-
tk), ganciclovir (GCV) and IL-12 to orthotopic and metastasised prostate 
cancer. Adenoviral vectors expressing HSV-tk or IL-12 were injected into 
established RM-9 tumors, resulting in apoptosis of HSV-tk infected cells 
that express thymidine kinase and convert administered ganciclovir into 
highly toxic triphosphates.  The induced apoptosis together with the 
expression of IL-12 enhanced immunological efficacy.[53] 
	 In this thesis, the MPR model was used to evaluate the additional 
anti-tumor effects of locally produced cytokines by a whole cell vacine. 
From the RM-9 cell, a panel of cytokine producing cell lines were 
generated via retroviral transduction. These RM-9 sublines express mIL-
2, mIL-4, mIL-7, mGM-CSF and mCD40L.[54]  To explore the additional 
effect of cytokine expression by the whole cell vaccines, the RM-9 cell 
line and its sublines were used to vaccinate and challenge fully immune 
competent C57Bl/6 mice. 

2.2 Outline of this thesis

	 The anti-tumor effect of locally producted cytokines by whole cell 
vaccines was evaluated using the immune competent MPR model. Local 
cytokine expression by the vaccine is expected to induce inflammation 
at the vaccination site via antigen uptake by APCs, presentation by 
MHC molecules and co-stimulation of T cells in local lymph nodes. 
The vaccine that induces the most potent anti-tumor response in the 
C57Bl/6 mice was expected to result more often in prolonged tumor-
free survival of the vaccinated mice, compared to vaccination with 
tumor cells alone. Therefore, a panel of cytokine producing RM-9 cell 
lines were tested as vaccines to determine the additional anti-tumor 
effect of cytokine expression during vaccination. Expression of murine 
IL-7 or GM-CSF during vaccination resulted in the highest increase 
in systemic T lymphocytes, prolonged survival and also tumor-free 
survival in some mice. This effect was more evident in subcutaneously 
challenged mice compared to orthopic challenged mice. However, if 
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RM-9/mIL-7 vaccinated mice were challenged with a GM-CSF expressing 
tumor, the vaccination effect was restored. Examination of end-point 
tumors showed increased infiltration of APCs and CD4 expressing cells, 
indicating that the anti-tumor response relies on a combination of both 
innate and adaptive immune cells (Chapter 3).
	 Based on the results of RM-9/mIL-7 vaccination, the anti-tumor 
role of different T lymphocytes and NK cells was studied. RM-9/mIL-
7 vaccinated mice were depleted for either CD3, CD4, CD8 or NK1.1 
expressing cells, to determine their contribution to the vaccination 
effect of IL-7 expression during vaccination. Since the end-point 
tumors of the vaccination study showed an infiltration of APC and CD4 
expressing cells, as well as a significant systemic increase of CD4+ and 
CD8+ lymphocytes, it was hypothesized that T lymphocytes were pre-
dominantly responsible for the anti-tumor effect. However, the results 
of the depletion experiments showed that the anti-tumor effect in RM-9/
mIL-7 was merely related to NK1.1 expressing cells.  This effect was not 
expected. When applying ELISA and ELISPOT assays, the suggested 
small effect of the T lymphocytes was more clarified. The assays 
resulted in no IFNg expression by white bloodcells upon exposure to 
RM-9 cells, while a little IFNg expression was detected in the abcence 
of RM-9 cells. Therefore it was assumed that RM-9 cells might be able 
to inhibit IFNg expression by T lymphocytes and NK cells, essential for 
both innate and adaptive responses (Chapter 4).
	 Prostate cancer epithelium constitutively produce IL-7, while 
prostate cancer tissue is associated with increased levels of  TGFb1, 
the suggested antagonist of IL-7. Based on the antagonistic relation, 
we hypothesized that IL-7 and its receptor might serve as a biomarker 
for the aggresiveness of the diagnosed prostate cancer comparable 
to TGFb1. For that reason the IL-7, IL-7R and  TGFb1 mRNA levels in 
human prostate cancer tissue were determined, along with the pre-
treatment PSA serum level and the Gleason score, and analysed for 
their additional prognostic value with regard to prostate cancer death. 
Addition of both IL-7 and TGFb1 to a prediction model containing only 
pre-treatment PSA serum level and Gleason score, more than doubled 
the predictive ability of the model. This suggests that both IL-7 and  
TGFb1 might be promising markers with regard to poor prostate cancer 
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survival. If so, this additional information provided by IL-7 and TGFb1 
could be of interest in patient screening for prostate cancer and their 
considered therapy (Chapter 5).
	 Adoptive T cell therapy (ATCT) represents a promising strategy 
to treat cancers to provide anti-tumor immunity. It might represent an 
attractive option for patients with metastasized prostate cancer and 
active surveillance patients. By setting up an assay using CAR-directed 
T cells, it was expected that patients could be selected for ATCT based 
on antigen specific T cell activation upon exposure of patient derived 
tumor tissue. Selection of patients based on antigen expression by 
tumor tissue may improve the efficacy of ATCT, and only those patients 
who are anticipated to benefit from ATCT will be treated. First, a 
functional assay was set-up and validated for the selection of renal cell 
carcinoma (RCC) patients. Based on a CAIX CAR, which was applied in a 
clincal trial with RCC patients, tumor tissue driven NFAT (nuclear factor 
of activated T cells) mediated reporter gene expression was detected. 
Both CAR transduced primary T cells and CAR transduced Jurkat T 
cells were shown to be triggered in a CAR and antigen specific manner. 
Next, the assay was adjusted for prostate tissue by using PSMA CARs, 
which mediated NFAT activation in response to prostate tumor tissue. 
Taken together, an assay was established to measure T cell activation 
upon exposure to patient derived tumor tissue.  This adaptable assay 
is sensitive, donor independent, easy to handle and might facillitate the 
selection of patients and increase the efficacy of ATCT (Chapter 6).



	General Overview of Prostate Cancer Models in Mice and Outline of the Thesis	 |	 49

C
H

A
P

T
E

R
 2

References

	 1.	Sobel RE and Sadar MD (2005) Cell lines used in prostate cancer research: a 

compendium of old and new lines--part 1. J Urol 173(2): p. 342-359.

	 2.	Marques RB, van Weerden WM, Erkens-Schulze S, de Ridder CM, Bangma CH, 

Trapman J, and Jenster G (2006) The human PC346 xenograft and cell line panel: 

a model system for prostate cancer progression. Eur Urol 49(2): p. 245-257.

	 3.	Marques RB, Erkens-Schulze S, de Ridder CM, Hermans KG, Waltering K, Visakorpi T,  

Trapman J, Romijn JC, van Weerden WM, and Jenster G (2005) Androgen 

receptor modifications in prostate cancer cells upon long-termandrogen 

ablation and antiandrogen treatment. Int J Cancer 117(2): p. 221-229.

	 4.	van Bokhoven A, Varella-Garcia M, Korch C, Johannes WU, Smith EE, Miller HL, 

Nordeen SK, Miller GJ, and Lucia MS (2003) Molecular characterization of 

human prostate carcinoma cell lines. Prostate 57(3): p. 205-225.

	 5.	Aguero MF, Facchinetti MM, Sheleg Z, and Senderowicz AM (2005) Phenoxodiol, a 

novel isoflavone, induces G1 arrest by specific loss in cyclin-dependent kinase 

2 activity by p53-independent induction of p21WAF1/CIP1. Cancer Res 65(8):  

p. 3364-3373.

	 6.	Alvero AB, Brown D, Montagna M, Matthews M, and Mor G (2007) Phenoxodiol-

Topotecan co-administration exhibit significant anti-tumor activity without 

major adverse side effects. Cancer Biol Ther 6(4): p. 612-617.

	 7.	Gamble JR, Xia P, Hahn CN, Drew JJ, Drogemuller CJ, Brown D, and Vadas MA (2006) 

Phenoxodiol, an experimental anticancer drug, shows potent antiangiogenic 

properties in addition to its antitumour effects. Int J Cancer 118(10): p. 2412-2420.

	 8.	Sapi E, Alvero AB, Chen W, O’Malley D, Hao XY, Dwipoyono B, Garg M, Kamsteeg M,  

Rutherford T, and Mor G (2004) Resistance of ovarian carcinoma cells to docetaxel 

is XIAP dependent and reversible by phenoxodiol. Oncol Res 14(11-12): p. 567-578.

	 9.	Mahoney S, Arfuso F, Rogers P, Hisheh S, Brown D, Millward M, and Dharmarajan 

A Cytotoxic effects of the novel isoflavone, phenoxodiol, on prostate cancer 

cell lines. J Biosci 37(1): p. 73-84.

	10.	Harma V, Virtanen J, Makela R, Happonen A, Mpindi JP, Knuuttila M, Kohonen 

P, Lotjonen J, Kallioniemi O, and Nees M A comprehensive panel of three-

dimensional models for studies of prostate cancer growth, invasion and drug 

responses. PLoS One 5(5): p. e10431.

	11.	Peehl DM (2005) Primary cell cultures as models of prostate cancer development. 

Endocr Relat Cancer 12(1): p. 19-47.



50	 |	 Chapter 2

	12.	Symes JC, Kurin M, Fleshner NE, and Medin JA (2008) Fas-mediated killing of 

primary prostate cancer cells is increased by mitoxantrone and docetaxel. Mol 

Cancer Ther 7(9): p. 3018-3028.

	13.	Liu QY, Rubin MA, Omene C, Lederman S, and Stein CA (1998) Fas ligand is constitutively 

secreted by prostate cancer cells in vitro. Clin Cancer Res 4(7): p. 1803-1811.

	14.	Abate-Shen C and Shen MM (2002) Mouse models of prostate carcinogenesis. 

Trends Genet 18(5): p. S1-5.

	15.	Powell WC, Cardiff RD, Cohen MB, Miller GJ, and Roy-Burman P (2003) Mouse 

strains for prostate tumorigenesis based on genes altered in human prostate 

cancer. Curr Drug Targets 4(3): p. 263-279.

	16.	Troiani T, Schettino C, Martinelli E, Morgillo F, Tortora G, and Ciardiello F (2008) 

The use of xenograft models for the selection of cancer treatments with the 

EGFR as an example. Crit Rev Oncol Hematol 65(3): p. 200-211.

	17.	Shultz LD, Schweitzer PA, Christianson SW, Gott B, Schweitzer IB, Tennent B, 

McKenna S, Mobraaten L, Rajan TV, Greiner DL, and et al. (1995) Multiple 

defects in innate and adaptive immunologic function in NOD/LtSz-scid mice. J 

Immunol 154(1): p. 180-191.

	18.	Ito M, Hiramatsu H, Kobayashi K, Suzue K, Kawahata M, Hioki K, Ueyama Y, 

Koyanagi Y, Sugamura K, Tsuji K, Heike T, and Nakahata T (2002) NOD/SCID/

gamma(c)(null) mouse: an excellent recipient mouse model for engraftment of 

human cells. Blood 100(9): p. 3175-3182.

	19.	Hermans KG, van Marion R, van Dekken H, Jenster G, van Weerden WM, and Trapman J  

(2006) TMPRSS2:ERG fusion by translocation or interstitial deletion is highly 

relevant in androgen-dependent prostate cancer, but is bypassed in late-stage 

androgen receptor-negative prostate cancer. Cancer Res 66(22): p. 10658-10663.

	20.	Jansen FH, van Rijswijk A, Teubel W, van Weerden WM, Reneman S, van den 

Bemd GJ, Roobol MJ, Bangma CH, Staal FJ, and Jenster G Profiling of antibody 

production against xenograft-released proteins by protein microarrays 

discovers prostate cancer markers. J Proteome Res 11(2): p. 728-735.

	21.	Richmond A and Su Y (2008) Mouse xenograft models vs GEM models for human 

cancer therapeutics. Dis Model Mech 1(2-3): p. 78-82.

	22.	Yonou H, Yokose T, Kamijo T, Kanomata N, Hasebe T, Nagai K, Hatano T, Ogawa Y,  

and Ochiai A (2001) Establishment of a novel species- and tissue-specific 

metastasis model of human prostate cancer in humanized non-obese diabetic/

severe combined immunodeficient mice engrafted with human adult lung and 

bone. Cancer Res 61(5): p. 2177-2182.



	General Overview of Prostate Cancer Models in Mice and Outline of the Thesis	 |	 51

C
H

A
P

T
E

R
 2

	23.	Hensley PJ and Kyprianou N (2011) Modeling prostate cancer in mice: limitations 

and opportunities. J Androl 33(2): p. 133-144.

	24.	Valkenburg KC and Williams BO (2011) Mouse models of prostate cancer. Prostate 

Cancer 2011: p. 895238.

	25.	Haga K, Tomioka A, Liao CP, Kimura T, Matsumoto H, Ohno I, Hermann K, Logg CR, 

Jiao J, Tanaka M, Hirao Y, Wu H, Kruse CA, Roy-Burman P, and Kasahara N (2009) 

PTEN knockout prostate cancer as a model for experimental immunotherapy. J 

Urol 181(1): p. 354-362.

	26.	Sauer B and Henderson N (1988) Site-specific DNA recombination in mammalian 

cells by the Cre recombinase of bacteriophage P1. Proc Natl Acad Sci U S A 

85(14): p. 5166-5170.

	27.	Ma X, Ziel-van der Made AC, Autar B, van der Korput HA, Vermeij M, van Duijn P,  

Cleutjens KB, de Krijger R, Krimpenfort P, Berns A, van der Kwast TH, and 

Trapman J (2005) Targeted biallelic inactivation of Pten in the mouse prostate 

leads to prostate cancer accompanied by increased epithelial cell proliferation 

but not by reduced apoptosis. Cancer Res 65(13): p. 5730-5739.

	28.	Vlietstra RJ, van Alewijk DC, Hermans KG, van Steenbrugge GJ, and Trapman J 

(1998) Frequent inactivation of PTEN in prostate cancer cell lines and xenografts. 

Cancer Res 58(13): p. 2720-2723.

	29.	Trotman LC, Niki M, Dotan ZA, Koutcher JA, Di Cristofano A, Xiao A, Khoo AS, Roy-

Burman P, Greenberg NM, Van Dyke T, Cordon-Cardo C, and Pandolfi PP (2003) 

Pten dose dictates cancer progression in the prostate. PLoS Biol 1(3): p. E59.

	30.	Wang S, Gao J, Lei Q, Rozengurt N, Pritchard C, Jiao J, Thomas GV, Li G, Roy-Burman P,  

Nelson PS, Liu X, and Wu H (2003) Prostate-specific deletion of the murine Pten 

tumor suppressor gene leads to metastatic prostate cancer. Cancer Cell 4(3):   

p. 209-221.

	31.	Couto SS, Cao M, Duarte PC, Banach-Petrosky W, Wang S, Romanienko P, Wu H, 

Cardiff RD, Abate-Shen C, and Cunha GR (2009) Simultaneous haploinsufficiency 

of Pten and Trp53 tumor suppressor genes accelerates tumorigenesis in a 

mouse model of prostate cancer. Differentiation 77(1): p. 103-111.

	32.	Di Cristofano A, Pesce B, Cordon-Cardo C, and Pandolfi PP (1998) Pten is essential 

for embryonic development and tumour suppression. Nat Genet 19(4): p. 348-355.

	33.	Podsypanina K, Ellenson LH, Nemes A, Gu J, Tamura M, Yamada KM, Cordon-Cardo C,  

Catoretti G, Fisher PE, and Parsons R (1999) Mutation of Pten/Mmac1 in mice 

causes neoplasia in multiple organ systems. Proc Natl Acad Sci U S A 96(4):  

p. 1563-1568.



52	 |	 Chapter 2

	34.	Rembrink K, Romijn JC, van der Kwast TH, Rubben H, and Schroder FH (1997) 

Orthotopic implantation of human prostate cancer cell lines: a clinically relevant 

animal model for metastatic prostate cancer. Prostate 31(3): p. 168-174.	

	35.	Fidler IJ (1990) Critical factors in the biology of human cancer metastasis: twenty-

eighth G.H.A. Clowes memorial award lecture. Cancer Res 50(19): p. 6130-6138.

	36.	Jeet V, Russell PJ, and Khatri A Modeling prostate cancer: a perspective on 

transgenic mouse models. Cancer Metastasis Rev 29(1): p. 123-142.

	37.	Gingrich JR, Barrios RJ, Morton RA, Boyce BF, DeMayo FJ, Finegold MJ, 

Angelopoulou R, Rosen JM, and Greenberg NM (1996) Metastatic prostate 

cancer in a transgenic mouse. Cancer Res 56(18): p. 4096-4102.

	38.	Greenberg NM, DeMayo F, Finegold MJ, Medina D, Tilley WD, Aspinall JO, Cunha GR,  

Donjacour AA, Matusik RJ, and Rosen JM (1995) Prostate cancer in a transgenic 

mouse. Proc Natl Acad Sci U S A 92(8): p. 3439-3443.

	39.	Greenberg NM, DeMayo FJ, Sheppard PC, Barrios R, Lebovitz R, Finegold M, 

Angelopoulou R, Dodd JG, Duckworth ML, Rosen JM, and et al. (1994) The rat 

probasin gene promoter directs hormonally and developmentally regulated 

expression of a heterologous gene specifically to the prostate in transgenic 

mice. Mol Endocrinol 8(2): p. 230-239.

	40.	Gingrich JR, Barrios RJ, Foster BA, and Greenberg NM (1999) Pathologic 

progression of autochthonous prostate cancer in the TRAMP model. Prostate 

Cancer Prostatic Dis 2(2): p. 70-75.

	41.	Foster BA, Gingrich JR, Kwon ED, Madias C, and Greenberg NM (1997) Characterization 

of prostatic epithelial cell lines derived from transgenic adenocarcinoma of the 

mouse prostate (TRAMP) model. Cancer Res 57(16): p. 3325-3330.

	42.	Huss WJ, Hanrahan CF, Barrios RJ, Simons JW, and Greenberg NM (2001) 

Angiogenesis and prostate cancer: identification of a molecular progression 

switch. Cancer Res 61(6): p. 2736-2743.

	43.	Jeet V, Ow K, Doherty E, Curley B, Russell PJ, and Khatri A (2008) Broadening of 

transgenic adenocarcinoma of the mouse prostate (TRAMP) model to represent 

late stage androgen depletion independent cancer. Prostate 68(5): p. 548-562.

	44.	Hurwitz AA, Foster BA, Allison JP, Greenberg NM, and Kwon ED (2001) The TRAMP 

mouse as a model for prostate cancer. Curr Protoc Immunol Chapter 20: p. Unit 

20 25.

	45.	Kwon ED, Hurwitz AA, Foster BA, Madias C, Feldhaus AL, Greenberg NM, Burg MB, 

and Allison JP (1997) Manipulation of T cell costimulatory and inhibitory signals for 

immunotherapy of prostate cancer. Proc Natl Acad Sci U S A 94(15): p. 8099-8103.



	General Overview of Prostate Cancer Models in Mice and Outline of the Thesis	 |	 53

C
H

A
P

T
E

R
 2

	46.	Voeks DJ, Martiniello-Wilks R, and Russell PJ (2002) Derivation of MPR and TRAMP 

models of prostate cancer and prostate cancer metastasis for evaluation of 

therapeutic strategies. Urol Oncol 7(3): p. 111-118.

	47.	Dzojic H, Loskog A, Totterman TH, and Essand M (2006) Adenovirus-mediated 

CD40 ligand therapy induces tumor cell apoptosis and systemic immunity in 

the TRAMP-C2 mouse prostate cancer model. Prostate 66(8): p. 831-838.

	48.	Thompson TC, Kadmon D, Timme TL, Merz VW, Egawa S, Krebs T, Scardino PT, 

and Park SH (1991) Experimental oncogene induced prostate cancer. Cancer 

Surv 11: p. 55-71.

	49.	Thompson TC, Park SH, Timme TL, Ren C, Eastham JA, Donehower LA, Bradley 

A, Kadmon D, and Yang G (1995) Loss of p53 function leads to metastasis in 

ras+myc-initiated mouse prostate cancer. Oncogene 10(5): p. 869-879.

	50.	Khatri A, Zhang B, Doherty E, Chapman J, Ow K, Pwint H, Martiniello-Wilks R, and 

Russell PJ (2006) Combination of cytosine deaminase with uracil phosphoribosyl 

transferase leads to local and distant bystander effects against RM1 prostate 

cancer in mice. J Gene Med 8(9): p. 1086-1096.

	51.	Martiniello-Wilks R, Dane A, Voeks DJ, Jeyakumar G, Mortensen E, Shaw JM, 

Wang XY, Both GW, and Russell PJ (2004) Gene-directed enzyme prodrug 

therapy for prostate cancer in a mouse model that imitates the development of 

human disease. J Gene Med 6(1): p. 43-54.

	52.	Hall SJ and Thompson TC (1997) Spontaneous but not experimental metastatic 

activities differentiate primary tumor-derived vs metastasis-derived mouse 

prostate cancer cell lines. Clin Exp Metastasis 15(6): p. 630-638.

	53.	Nasu Y, Bangma CH, Hull GW, Yang G, Wang J, Shimura S, McCurdy MA, Ebara S,  

Lee HM, Timme TL, and Thompson TC (2001) Combination gene therapy with 

adenoviral vector-mediated HSV-tk+GCV and IL-12 in an orthotopic mouse 

model for prostate cancer. Prostate Cancer Prostatic Dis 4(1): p. 44-55.

	54.	Todryk SM, Birchall LJ, Erlich R, Halanek N, Orleans-Lindsay JK, and Dalgleish AG  

(2001) Efficacy of cytokine gene transfection may differ for autologous and 

allogeneic tumour cell vaccines. Immunology 102(2): p. 190-198.





C
H

A
P

T
E

R
 3

CHAPTER 3

A Prostate Cancer Vaccine Comprising 

Whole Cells Secreting IL-7,

Effective against Subcutaneous Challenge, 

Requires Local GM-CSF

for Intraprostatic Efficacy

Caroline Schroten-Loef · Corrina M. A. de Ridder ·
Suzanne Reneman · Marije Crezee · Angus Dalgleish ·
Stephen M. Todryk · Chris H. Bangma · Robert Kraaij

Cancer Immunol Immunother 2009; 58(3):373–381



56	 |	 Chapter 3

Abstract 

	 A panel of cytokine secreting RM-9 prostate cancer cells were tested 
as whole cell vaccines to determine their capacity to evoke an anti-
prostate cancer immune response. In our model, vaccines secreting 
mGM-CSF or mIL-7 resulted in the highest increase in circulating T 
lymphocytes after vaccination, prolonged survival and, in a proportion 
of animals, tumor-free survival. Anti-tumor effects were more evident 
after a subcutaneous RM-9 challenge than after an intraprostatic 
challenge. However, when the RM-9/mGM-CSF cell line was used as 
intraprostatic tumor challenge, protection after RM-9/mIL-7 vaccination 
was restored.

Keywords 

	 Immunotherapy, Whole cell vaccine, Cytokines, Prostate cancer, 
MPR-model
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Introduction

	 Prostate cancer is currently the most commonly diagnosed non-
cutaneous malignancy in American and European men. Each year, 
about 600,000 new cases are diagnosed and about 200,000 men die 
worldwide, turning prostate cancer into a major public health problem.[11]   

Treatment of early stage (localized) prostate cancer may involve radical 
prostatectomy, active surveillance, radiation therapy and hormonal 
therapy. In case cancer has spread beyond the prostate, treatment 
options are limited. Palliative treatment for metastized prostate cancer 
is mainly focused on extending life and relief of symptoms. Therefore, 
new therapeutic modalities that specifically eradicate metastatic 
disease are needed.
	 The theoretical concept of a specific immune response against  
cancer is quite old and dates back to the nineteenth century.[18, 37] In  
practice it has been proven very difficult to use immunotherapy against  
cancer. Tumors appear to be poorly immunogenic and often escape 
the hosts’ immune response because they may lack both major 
histocompatibility complex (MHC) and co-stimulatory molecules.[26] 
Furthermore, regulatory T lymphocytes (CD25+) are abundant in blood 
and tumor of cancer patients, which actively inhibits the proliferation 
of cancer specific cytotoxic T lymphocytes.[25, 33] Over the years, 
several strategies have been explored that tried to overcome these 
escape mechanisms such as dendritic cell-based immunotherapy,[27] T 
lymphocyte-based adoptive therapy,[8] and vaccination therapy.[5, 30, 32] The 
use of autologous cancer cells as vaccines to augment tumor immunity 
has been explored, but the responses observed generally have been 
only partial and shorted-lived. Because of the poor immunogenicity 
of cancer cells, it is difficult to evoke the desired anti-cancer immune 
responses by vaccination only. Therefore, administration of cytokines 
could enhance the host’s immune responses during vaccination.
	 Cytokines are secreted low molecular weight proteins that have a 
short half-life and serve as local mediators of cell–cell interactions. They 
include, among other molecules, the interferons (IFNs), the interleukins 
(ILs) and colony–stimulating factors (CSFs). When cytokines are used 
as a medical drug, systemic administration at very high concentrations 
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is necessary to achieve biologically meaningful concentrations at the 
target site. These high concentrations are associated with systemic 
toxicity, which limits their use and efficacy.[14] To bypass the toxic 
effects of systemic administration and to reach a biological meaningful 
concentration for inducing an optimal immune response, tumor cells 
were genetically modified to secrete cytokines locally. Such genetically 
modified tumor cells were rejected by the host with minimal side effects, 
[4, 10, 16, 17, 35] whereas unmodified cells were not rejected.[17] The observed 
anti-tumor responses involved recruitment of CD8+ T lymphocytes as 
well as recruitment of CD4+ T lymphocytes. Furthermore, several studies 
indicate that cytokine secreting tumor cells increase systemic immunity 
as well, since mice vaccinated with cytokine producing tumor cells reject 
a subsequent challenge of unmodified tumor cells, and in some cases, a 
pre-existing tumor.[7, 17, 22] Since most of these studies have been carried 
out for different types of cancer models, cytokine producing vaccines 
could also be of interest for rejection of prostate tumor cells. 
	 In the present study, a panel of cytokine producing whole cell 
vaccines (mIL-2, mIL-4, mIL-7, mGM-CSF and mCD40L) was constructed 
and analyzed for the induction of additional protection compared to 
a non-cytokine producing cell vaccine against prostate cancer in an 
immune competent mouse prostate cancer model. 

Methods 

Mouse prostate reconstitution model

	 The mouse prostate reconstitution model[15, 19] was kindly provided 
by Dr. T.C. Thompson. This model consists of several mouse prostate 
cancer cell lines that were derived from urogenital sinus cells from 
p53 knockout C57Bl/6 mice. These cells were transformed by retroviral 
transduction with the ras- and myc-oncogenes. 
	 The RM-9 cell line of this model was cultured in low glucose 
Dulbecco’s modified Eagles’s medium (DMEM; Invitrogen, Breda, 
The Netherlands) supplemented 1:1 with Ham’s F12 (Biowhittaker, 
Cambrex, Verviers, Belgium), 10% fetal calf serum (FCS; Hyclone, Etten-
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Leur, The Netherlands), 100 U/ml penicillin and 100 mg/ml streptomycin 
(Biowhittaker). Cells were grown at 37°C in a humidified atmosphere of 
5% CO2 in air and passaged twice a week.
	 Male C57Bl/6 mice (6–12 weeks old) were purchased from Charles 
River Laboratories (St. Germain sur l’Arbresle, France), housed in 
individually ventilated cages (IVCs) and allowed to acclimatize for 1 week. 
Mouse chow and water were given ad libitum. Animal experiments were 
performed under the national Experiments on Animals Act that serves 
the implementation of “Guidelines on the protection of experimental 
animals” by the Council of Europe (1986), Directive 86/609/EC, and 
only after a positive recommendation by the Animal Experiments 
Committee. No alternatives (in relation to Replacement, Reduction or 
Refinement) were available. 

Immunisation and tumor challenge strategy 

	 The RM-9 cell line was retrovirally transduced to produce the 
immunostimulatory cytokines mIL-2, mIL-4, mIL-7, mGM-CSF and 
mCD40L.[34] Cytokine expression per one million of transfected cells per 
24 h was determined to be 109 ng (mIL-2), 233 ng (mIL-4), 29 ng (mIL-7) and 
397 ng (mGM-CSF). Expression of mCD40L was confirmed by FACS 
analysis.
	 Cells were harvested by trypsinisation, washed twice with PBS, 
resuspended in PBS at a density of 1 × 107 cells/ml, and γ-irradiated at  
75 Gy. Vaccination was performed once a week for three consecutive weeks 
by subcutaneous injection of 1 × 106 γ-irradiated cells. One week after the 
final vaccination, a challenge was administered either orthotopically in 
the dorsolateral prostate (5 × 104 cells in 20 µl PBS) under anesthesia[29] 
or subcutaneously (1 × 105 cells in 100 µl PBS). Orthotopic growth was 
monitored by transrectal ultrasonography under anesthesia with 
isofluraan/O2

[21] and subcutaneous tumor growth was monitored by 
calliper measurements. Mice were killed when suffering from tumor 
burden, or when tumors exceeded 1,500 mg for subcutaneous tumors 
or 1,000 mg for orthotopic tumors.
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Flow cytometry

	 Blood was collected in heparine containing tubes (Sarstedt, Germany) 
through retro-orbital puncture under anesthesia with isofluraan/O2, incubated 
for 1 hour on ice with combinations of anti-mCD3-PE, anti-mCD4-PE-Cy5 
and anti-mCD8-FITC, antibodies (BD Biosciences, Breda, The Netherlands), 
washed twice with PBS, disposed of erythrocytes with FACS™ lysis 
solution (BD Biosciences, Breda, The Netherlands), washed with PBS and 
fixed with 1% paraformaldehyde (Fluka Chemie GmBH, Buchs, Germany). 
FACS measurements were performed on a FACScan (BD Biosciences) and 
analyzed by CellQuest™ Pro, version 4.0.2 (BD Biosciences).

Histology

	 Tumors were snap-frozen in liquid nitrogen and stored at –80°C. Frozen 
sections (4–5 µm) were fixed in acetone and stained with anti-mCD4+, 
anti-mCD8+, anti-mCD11+ or anti-mCD19+ antibodies (BD Pharmingen). 
First antibody was detected using the anti-rat Ig HRP detection kit (BD 
Pharmingen) and counterstained with heamatoxilin and eosin. The sections 
were scored three times for infiltrated areas, which were represented as a 
percentage of the total vital tumor tissue.

Statistical analyses

	 Statistical analyses of survival and FACS data were performed with 
the Mann-Whitney U-test and the Student T-test, respectively, using 
SPSS version 11.0.1 (2001). Differences were considered significant 
when p ≤ 0.05.
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Results

Prolonged survival with IL-7 or GM-CSF secreting vaccines 

	 The panel of cytokine producing RM-9 lines, together with the 
parental RM-9 and PBS as controls, were analyzed as vaccines. Seven 
groups of nine C57Bl/6 mice were vaccinated and subcutaneously 
challenged with RM-9 cells (Fig. 1). The median survival after PBS 
vaccination was 13.1 ± 1.9 days. The RM-9 vaccinated group showed a 
significantly (p = 0.0004) prolonged survival of 34.0 ± 8.2 days compared 
to the PBS control. The cytokine producing vaccines were compared to 
the RM-9 control group. Survival after RM-9/mIL-2 and RM-9/mCD40L 
vaccination was comparable to survival of RM-9 vaccinated mice (29.9 
± 4.4 days and 29.7 ± 5.8 days, respectively). Survival after RM-9/mIL-4  
vaccination showed a decrease in life expectancy (21.0 ± 6.0 days). 
However, when mice were vaccinated with RM-9/mGM-CSF or RM-9/
mIL-7 also tumor-free survival was observed. Vaccination with RM-9/
mGM-CSF resulted in the tumor-free survival of three out of nine mice 
and the median lifetime of the non-survivors was 24.6 ± 2.2 days. RM-9/
mIL-7 vaccination resulted in the survival of four out of nine mice, with 
and median lifetime of non-surviving mice of 34.4 ± 7.1 days. Only 
the survival of the mice vaccinated with RM-9/mIL-7 was significant 
compared to the RM-9 control group (p = 0.025).

Increased CD4+ and CD8+ T lymphocyte responses after vaccination

	 To gain insight into the mechanisms of action of the different 
vaccines, T cell responses were analyzed. Blood was taken before and 
after vaccination (but before challenge administration), and CD4+ and 
CD8+ T lymphocyte population were analyzed (Fig. 2). 
	 PBS and RM-9 vaccination did not induce (increase in circulating) CD4+ 
and CD8+ T lymphocyte populations. However, all cytokine producing 
vaccines induced significant increases in circulating CD4+ and CD8+  
T lymphocyte populations. Moreover, the most effective vaccines, RM-9/
mGM-CSF and RM-9/mIL-7, that resulted in tumor-free survival, showed the 
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highest CD4+ and CD8+ T lymphocyte counts. Furthermore, survivors 
and non-survivors were compared in CD4+ and CD8+ T lymphocyte 
responses. The survivors of the RM-9/mIL-7 vaccination group showed 
a significant lower CD8+ T lymphocyte count compared to the non-
survivors (p = 0.031). Survivors of the RM-9/mGM-CSF vaccination 
group showed a significant higher CD4+ T lymphocyte count (p = 0.046) 
(data not shown). 
	 To determine whether systemic CD4+ and CD8+ lymphocyte 
responses were reflected by the infiltrate of end-point tumor tissues, 
immune histochemistry was performed. Necrosis (HE-staining), T 
lymphocytes (CD4+, CD8+), B lymphocytes (CD19+) as well as myelocytes 
and NK cells (CD11b+) were determined (Fig. 3). All vaccination groups 

Figure 1 Survival of vaccinated mice after subcutaneous challenge with RM-9 cells. Mice were 

vaccinated with 1 × 106 γ-irradiated cells or PBS. Vaccines were administered once a week for 

three consecutive weeks, followed by a challenge of RM-9 cells in the fourth week. Tumor size was 

measured in time and survival determined (* p < 0.05 compared to the RM-9 vaccinated group)
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RM-9/mIL-2 29.9 ± 4.4 0/9
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showed to some degree necrotic areas in the tumor.  The largest necrotic 
areas were observed in the groups vaccinated with RM-9/mIL-7, RM-9/
mGM-CSF and RM-9/CD40L.
	 CD11b+ cells were observed in all the vaccination groups throughout 
the tumor. T lymphocytes were mostly located at the rim of the tumor. 
Mice vaccinated with RM-9, RM-9/mIL-2, RM-9/mIL-7, RM-9/mGM-
CSF or RM-9/mCD40L showed the highest (~5%) CD4+ T lymphocyte 
infiltration. Cytotoxic T lymphocytes (CD8+) were mostly observed 
(~5%) in tumors of mice vaccinated with RM-9/mIL-2, RM-9/mIL-7, RM-9/
mGM-CSF or RM-9/mCD40L. CD19+ B lymphocytes were only observed 
in tumors of mice vaccinated with RM-9/mIL-7. 

Figure 2 The systemic response of CD3+/CD4+ (A) and CD3+/CD8+ (B) lymphocytes at T = 0 (before 

vaccination) and T = 1 (after vaccination, before challenge administration). Blood was taken via 

retro-orbital puncture, stained for CD3+/CD4+ or CD3+/CD8+ lymphocytes and were quantified by 

FACS analysis. The mean cell count per 10,000 cells ± SEM is depicted (* p < 0.05 compared to 

the RM-9 vaccinated group) 
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Survival difference between subcutaneous and intraprostatic tumor challenge

	 Next, survival was determined after an intraprostatic challenge, 
which represents a more natural model for prostate cancer. Seven groups 
(n = 4) of mice were vaccinated with the cytokine producing cell lines, 
the parental RM-9 line or PBS control, and challenged intraprostatically 
with the parental RM-9 cell line (Fig. 4 A). No significant differences 
could be observed between the cytokine producing vaccines and the 
RM-9 control.
	 The observed prolonged survival of vaccinated mice against the 
subcutaneous tumor challenge of the RM-9 parental cell line was no 

Figure 3. Immune histochemistry of end-point tumors (tumor ≥ 1,500 mg) of the different 

vaccination groups. Frozen sections were stained with HE or for CD4+, CD8+, CD11b+ or CD19+ 

cell markers and scored three times on three different days
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longer observed when the same tumor challenge was administered 
intraprostatically. This unexpected outcome against the intraprostatic 
challenge might be due to differences in immune surveillance between 
the skin and the prostate. Therefore, a study was designed using the 
RM-9/mGM-CSF cell line as intraprostatic challenge. Such a tumor 
challenge might recruit antigen presenting cells (APCs) into the prostate 
and increase immune surveillance. Four groups (n = 4) of mice were 
vaccinated with PBS or RM-9/mIL-7 cells and intraprostatically challenged 
with either parental RM-9 cells or RM-9/mGM-CSF cells (Fig. 4 B). In the 
PBS vaccinated groups, challenged with either the parental RM-9 cell line 
or the RM-9/mGM-CSF cell line, no difference in survival was observed. 
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Survival of vaccinated C57Bl/6 mice after intraprostatic challenge. 

Figure 4 A. C57Bl/6 mice were subcutaneously vaccinated once a week for three consecutive weeks, 

followed by an intraprostatic RM-9 challenge in the fourth week and monitored for tumor 

development via transrectal ultrasonography (* p < 0.05 compared to the RM-9 vaccinated mice). 

Figure 4 B. C57Bl/6 mice were s.c. vaccinated with PBS or RM-9/mIL-7 once a week for three 

consecutive weeks, followed with an intraprostatic challenge with RM-9 or RM-9/mGM-CSF in 

the fourth week and was monitored for tumor development via transrectal ultrasonography and 

survival was determined (* p < 0.05 compared to RM-9/mIL-7 vaccinated mice challenged with an 

RM-9 challenge).
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Also, no difference in survival was observed when the PBS and RM-9/mIL-7  
vaccination groups were challenged with the parental RM-9 cell line. 
However, enhanced survival and one tumor-free survivor were observed 
in mice vaccinated with RM-9/mIL-7 and challenged with RM-9/mGM-
CSF (p < 0.05) compared to PBS vaccination followed by the RM-9/mGM-
CSF challenge.
	 To determine if the observed prolonged survival of the RM-9/mIL-7 
vaccinated and RM-9/mGM-CSF challenged mice was due to increased 
recruitment of immune cells, CD4+, CD8+, CD11b+ and CD19+ cells were 
determined in end-point tumors (Fig. 4 C). The mGM-CSF producing 
tumor challenge resulted in increased numbers of CD11b+ cells, both 
after PBS or RM-9/mIL-7 vaccination. RM-9/ mIL-7 vaccination resulted in 
higher numbers of T lymphocytes compared to the PBS vaccinated mice. 
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Figure 4 C. Immune histochemistry of end-point tumors (tumor ≥ 1,000 mg) of mice challenged 

intraprostatically with either RM-9 or RM-9/mGM-CSF after vaccination with PBS or RM-9/mIL-7. 

Frozen sections were stained for HE or for CD4+, CD8+, CD11b+ or CD19+ cell markers and scored 

three times on three different days
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The CD4+ T lymphocytes were mostly located at the rim of the RM-9 
tumor, whereas in RM-9/mGM-CSF tumor tissue these cells were spread 
throughout the tumor.

Discussion

	 In the present study, a panel of cytokine producing RM-9 cell lines 
was tested as vaccines. This panel of cytokines (IL-2, IL-4, IL-7, GM-CSF 
and CD40L) was chosen for their capabilities to induce inflammation 
at the vaccination site via tumor antigen uptake by APCs, presentation 
by MHC molecules, and co-stimulation of T cells in local lymph nodes 
(also known as “antigen cross priming”).
	 Mice vaccinated with either the RM-9/mGM-CSF or the RM-9/mIL-7  
cell line and subcutaneously challenged with the parental RM-9 cell 
line showed increased systemic CD4+ and CD8+ lymphocyte counts and 
tumor-free survival. This vaccination effect was not observed when mice  
were challenged intraprostatically. Replacement of the intraprostatic 
challenge by the RM-9/mGM-CSF cell line restored the RM-9/mIL-7  
vaccination effects. 
	 The observed survival from a subcutaneous challenge and the 
immune response after RM-9/mGM-CSF vaccination were considered 
to be an additional effect of the secreted mGM-CSF during vaccination 
compared to the RM-9 control vaccination. The immunostimulatory 
cytokine mGM-CSF recruits and stimulates APCs. When secreted during 
vaccination, APCs are recruited to the vaccination site. After contact 
of APCs with the RM-9/mGM-CSF cells, the APCs migrate to the lymph 
node where digested epitopes are presented to T lymphocytes, leading to 
antigen specific activation of the T lymphocyte populations responsible for 
the desired anti-tumor immune responses. Analysis of blood from mice 
vaccinated with RM-9/mGM-CSF showed a significant higher increase of T 
lymphocytes compared to the control RM-9 vaccination, which might have 
been beneficial for tumor survival. Earlier reports on tumor cell-based 
vaccines, in which GMCSF secreting, irradiated tumor cells were used to 
generate an anti-tumor response against melanoma, cervical cancer or 
prostate cancer report a GM-CSF mediated increase in T lymphocytes 
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populations.[5, 7, 30, 32] With regard to the increased circulation of T 
lymphocytes after RM-9/mGMCSF vaccination it was expected that 
this would have an effect on the survival of these mice. Even though 
the prolonged survival after RM-9/mGM-CSF vaccinated mice was not 
significantly different compared to the RM-9 control vacation, three out 
of nine mice did not develop any tumor up to 125 days after tumor 
challenge administration. The tumors of mice that did not survive 
the challenge were screened for necrotic areas and immunological 
infiltration. Even though both CD4+ T lymphocytes and CD11+b cells 
were detected in the end-point tumors of the RM-9 vaccination control 
group, the non-surviving RM-9/mGM-CSF mice also showed larger 
necrotic areas and an increased infiltration of CD8+ T lymphocytes. 
This would suggest that despite the fact that these mice did not survive 
the tumor challenge, the mGM-CSF secretion during vaccination was 
capable of boosting the anti-tumor response. An explanation for the 
difference between survivors and non-survivors within the RM-9/mGM-
CSF group, based on circulating CD4+ and CD8+ T lymphocytes after 
vaccination, might be the significant increase in CD4+ T-lymphocytes 
that was detected in the survivors. A beneficial relation between GM-
CSF and survival has also been reported in studies on HIV. In these 
studies GM-CSF was administered to HIV-infected patients, which 
eventually led to increased CD4+ T lymphocyte counts.[1, 20] 
	 Besides the RM-9/mGM-CSF vaccine, survival from the 
subcutaneous tumor challenge was also determined in the RM-9/mIL-
7 vaccination group. IL-7, known as a hematopoeitic growth factor, is 
important for the development and survival of T lymphocytes, involved 
in the expansion of  T cell numbers and has the ability to increase 
their proliferation even in the absence of activation.[3, 13, 36] In our study 
this effect was observed in mice that were vaccinated with the mIL-7 
producing vaccine. The detected increase of circulating T lymphocytes 
was found after vaccination, this increase was even the highest 
increase after vaccination compared to all the other tested vaccines. It 
was hypothesized that epitopes of the RM-9/mIL-7 vaccine were picked 
up by the already present APCs at the vaccination site, which were 
presented to the lymphocytes in the lymph nodes. But also lymphocytes 
present at the vaccination site might be stimulated in development 
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and survival due to the secreted mIL-7. With the knowledge of the 
increased circulation of T lymphocytes after vaccination, a prolonged 
or even tumor-free survival was expected of the mice vaccinated with 
RM-9/mIL-7. This expectation was confirmed with a significant longer 
survival compared to the RM-9 vaccination control group, and four 
out of the nine mice remained tumor-free 125 days after challenge 
administration. Even though five mice did not survive the tumor 
challenge, examination of their tumors revealed increased numbers of 
CD4+ and CD19+ cells and larger necrotic areas.  The presence of both 
CD4+ and CD19+ lymphocytes in these end-point tumors might involve 
an antibody dependent cell mediated cytotoxicity of the tumor tissue. 
Therefore it was assumed that tumor immunity must not entirely 
rely on direct tumor cell killing.[28] Comparison within the RM-9/mIL-7  
vaccination group revealed significant lower CD8+ T lymphocyte 
numbers in the tumor survivors compared to the non-survivors, while 
CD4+ T lymphocyte numbers did not differ. It has been described that 
IL-7 is able to alter the CD4+:CD8+ lymphocyte ratio, which could explain 
our observation. However, our significantly decrease of CD8+ cells in 
tumor surviving mice after vaccination, in our model, is in contradiction 
with the reported CD8+ lymphocyte increase after IL-7 administration.[13]  
Moreover, studies on IL-7 mediated tumorsuppression[16, 17] indicate 
the importance of CD4+ T lymphocyte recruitment, whereas CD8+ T 
lymphocytes were not related to IL-7 mediated tumor-suppression.
	 The presence of circulating CD4+ CD25high FoxP3+ regulatory T cells 
(Tregs) in mice before and after administration of the subcutaneous 
challenge was determined in a small number of blood samples. Only 
low numbers of Tregs could be detected and, therefore, it was decided 
not to examine circulating Tregs in this study. However, Tregs might 
certainly be associated with T lymphocyte effector functions. Recently, 
the presence of Tregs has been associated with prostate cancer.[38]  
On the other hand in a mouse prostate cancer model, Tregs were 
mentioned to be common to sites of ongoing immune responses, and 
to be dispensable for the induction of tumor specific tolerance.[6] 
	 Both the vaccinations with either RM-9/mGM-CSF, or RM-9/mIL-7 
were beneficial for survival from the administered subcutaneous tumor 
cell challenge. However, the anti-tumor effects were more evident for 
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a subcutaneous challenge than for an intraprostatic challenge. Since 
immune surveillance in the skin is expected to be far better than in 
the prostate, the intraprostatic RM-9 cell challenge was replaced by 
an intraprostatic RM-9/mGM-CSF cell challenge. It was hypothesised 
that mGM-CSF secretion by the tumor could increase its surveillance. 
Production of mGM-CSF by the intraprostatic tumor stimulated CD11b+ 

cell infiltration when compared to the parental RM-9 tumor challenge. 
This infiltration was assumed to increase the immune surveillance of the 
prostate, which in its turn might be beneficial for an anti-tumor response 
evoked by vaccination. This was confirmed when a combination of 
RM-9/mGM-CSF tumor challenge and RM-9/mIL-7 vaccination resulted 
in larger necrotic areas in the tumor, increased presence of CD11b+ and 
CD4+ T lymphocytes throughout the tumor challenge, and significantly 
prolonged survival compared to RM-9/mIL-7 vaccinated mice which 
received a RM-9 tumor challenge. The increased presence of CD11b+ 

was assumed to be the effect of the RM-9/mGMCSF tumor. The CD4+ 
lymphocyte infiltration throughout the tumor, together with the larger 
necrotic areas, was related to the mIL-7 production by vaccine. This 
vaccination effect was no longer detectible when the tumor challenge 
was administered intraprostatically. But, the combination of the mIL-7  
vaccination with an intraprostatic mGM-CSF producing tumor challenge 
partly restored the vaccination effect and it was assumed that the 
observed protection could be found in the difference in infiltration of 
CD4+ cells. Despite the fact that some RM-9/mIL-7 vaccinated mice did 
not survive the intraprostatic tumor challenge, immune histochemistry 
of these tumors showed a CD4+ lymphocyte infiltration at the rim of the 
tumor in case of an RM-9 tumor challenge, whereas tumors of the RM-9/
mGM-CSF challenge showed CD4+ lymphocyte infiltration throughout 
the tumor. This infiltration of CD4+ lymphocytes throughout the tumor 
was assumed to be the effect of the increased CD11b+ cells that were 
detected in the RM-9/mGM-CSF tumors. Altogether, this could explain 
the larger necrotic areas found in these tumors and the survival.[2, 5, 7, 

30–32]

	 Furthermore, the observed difference in survival between the 
subcutaneous and the intraprostatic challenge could also be an effect 
of a blood-prostate-barrier, which is assumed to restrict the passage 
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of leukocytes for immune surveillance of the prostate.[9, 12, 23] By using 
an immunological attractant like GM-CSF this barrier might be broken, 
making the prostate better accessible. Also, recent investigation on 
administration of human IL-7 in combination with GM-CSF secreting 
tumor cells, confirmed the possible immunological benefit of the 
combination of IL-7 and GM-CSF.[24]  This study showed for melanoma  
that IL-7, when combined with GM-CSF secreting tumor cell 
immunotherapy, significantly prolonged the survival of the tumor 
bearing mice. This enhanced anti-tumor protection was correlated with 
an increased number of activated dendritic cells and T lymphocytes in 
lymphoid tissue.
	 In conclusion, murine IL-7 and mGM-CSF expressed during 
vaccination with a whole cell vaccine resulted in an additional 
immunological protection, compared to the RM-9 control vaccination, 
against a subcutaneously and an intraprostatically administered RM-9 
cell challenge. This enhanced protection was more evident in the skin 
than in the prostate. The prostate, which is assumed to restrict the 
passage of leukocytes for immune surveillance of the prostate, seems 
to be better accessible with an immunological attractant like GM-CSF. 
Furthermore, tumor immunity must not entirely rely on direct tumor 
cell killing but in our model it seems to be a combination of APCs and 
CD4+ lymphocytes.
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Abstract: 

	 As prostatic epithelia constitutively produce interleukin 7 (IL-7),  
also responsible for the development and hemostasis of  T cells and NK 
cells, it is important to examine its ability to protect against prostate 
cancer, and its possible role in future vaccine strategies against prostate 
cancer. RM-9/mIL-7 cells were used as mIL-7 secreting whole cell vaccine 
to prevent tumor growth upon a subcutaneous RM-9 challenge in 
C57Bl/6 mice. The RM-9/mIL-7 vaccination effect was studied by CD3+, 
CD4+, CD8+, or NK1.1+ depletion experiments in C57Bl/6 mice. RM-9/
mIL-7 vaccinated animals showed longer survival times (p<0.0001) 
than non-vaccinated mice. Depletion of non-vaccinated mice showed a 
reduction of CD3+, CD4+, CD8+, and NK1.1+ cells with 97%, 56%, 99%, and 
88%, respectively. RM-9/mIL-7 vaccinated mice, depleted for CD3+, CD4+, 
CD8+, or NK1.1+, all showed shortened host survival times with regard 
to the non-depleted vaccinated mice group. Moreover, fewer mice 
survived the tumor challenge compared with the non-depleted RM-9/
mIL-7 vaccination group. The shortest survival was observed for NK1.1+ 
depleted mice, which was nearly comparable with survival times of non-
vaccinated mice. RM-9/mIL-7 vaccinated mice demonstrated prolonged 
survival times compared with the survival times of non-vaccinated mice, 
after tumor challenge administration. The detected immune response 
against the RM-9 tumor challenge showed to be merely related to the 
NK1.1 expressing cells, after RM-9/mIL-7 vaccination. IL-7 produced by 
the prostatic epithelia itself and the role of NK1.1 expressing cells could 
provide new potential for future immunotherapeutic modalities to 
recruit immunologic cells against prostate cancer, and its metastases. 

Key Words: 

	 interleukin 7, NK1.1 cells, MPR model, prostate cancer
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Introduction

	 Successful prostate cancer treatment is mostly observed  in cases of 
early stage (localized) disease. Treatment options for metastasized disease 
are merely palliative and mainly focused on extension of life and relief of 
symptoms. Therapeutic modalities, such as immunotherapy, to overcome 
metastatic disease have proven to be difficult. Promising vaccine strategies 
have been reported in the past but also in the recent years, yet, almost all 
reported results need further research and validation in humans.[1–4]

	 Enhancing the host’s immune response by the addition of cytokines 
to the vaccine has shown promising results within mouse models. DNA 
vaccination, a technique to generate a immunologic response upon injection 
with engineered DNA, has been optimized for a dual antigen approach 
against prostate cancer. In mice, codelivery of prostate-specific antigen, 
prostate-specific membrane antigen, prostate stem cell antigen, and 
Six-Transmembrane Epithelial Antigen of the prostate 1 DNA vaccines 
induced antigen specific responses.1–3 In human, the personalized vaccine 
sipuleucel-T consists of autologous peripheral blood mononuclear cells 
including antigen presenting cells (APCs) that were loaded with the 
PA2024 fusion protein (fusion of antigen prostatic acid phosphatase and 
immune signaling factor granulocyte-macrophage colony stimulating 
factor). Loaded APCs resulted in a prolonged overall survival among 
patients with metastatic castration-resistant prostate cancer. In April 
2010, sipuleucel-T was approved by the US Food and Drug Administration 
for prostate cancer therapy. However, despite these promising clinical 
effects the efficiency of the various APC-based treatment modalities for 
many patients with advanced prostate cancer is still limited.[1–4]

	 Interleukin 7 (IL-7) secreted during whole cell vaccination in mice has 
also shown anti-tumor potency.[5,6] IL-7, initially isolated over 10 years 
ago,[7] plays a central role in the development and homeostatis of  T cells 
and natural killer cells. Homeostasis and survival of B lymphocytes, 
CD4+, CD8+  T lymphocytes, and natural killer (NK1.1+, CD161+) cells are 
regulated by IL-7.  The response to IL-7 is controlled by the regulation 
of IL-7 receptor alpha (IL-7Ra) expressed on the cell membrane of the T 
cells, T cell receptor triggering, and the availability of IL-7.[8,9] Prostatic 
epithelia constitutively produce IL-7, and intraprostatic T lymphocytes 
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are able to respond through IL-7Ra. Loss of prostatic epithelial IL-7 
production is associated with severe depletion of prostate associated 
T cells by which a prostate tumor could escape immune surveillance.
[10] In addition, in a study of neoadjuvant hormone therapy (androgen 
receptor blocker) for prostate cancer, it was observed that the hormone 
therapy boosted the expression of IL-7 in the stroma of normal prostate 
tissue. The earlier observed depletion of prostate associated T cells in 
prostate cancer[10] was restored.[11]

	 As both epithelial and stromal prostatic tissues produce IL-7 and as 
IL-7 boosts cell-based vaccination in mice, IL-7 is considered to play an 
important role in the protection against prostate cancer.[6]  Therefore, we 
further investigated RM-9/mIL-7 vaccination within the mouse prostate 
reconstitution (MPR) model, to identify the immune cells involved in 
the protection against the RM-9 tumor challenge upon RM-9/mIL-7 
vaccination. A depletion experiment was performed in which C57Bl/6 
mice were monitored after RM-9/mIL-7 vaccination while depleted for 
CD3+, CD4+, CD8+, or NK1.1+ cells. 

Materials and methods

Cell Lines and Mice

	 The MPR model[12,13] was kindly provided by Dr T.C. Thompson. This 
model consists of several mouse prostate cancer cell lines that were 
derived from urogenital sinus cells from p53 knockout C57Bl/6 mice. 
These cells were transformed by retroviral transduction with the ras-
oncogenes and myc-oncogenes.
	 The RM-9 cell line of this model was cultured in low glucose Dulbecco’s 
modified Eagles’s medium (Invitrogen, Breda, The Netherlands) 
supplemented 1:1 with Ham’s F12 (Biowhittaker, Cambrex, Verviers, 
Belgium), 10% fetal calf serum (Hyclone, Etten-Leur, The Netherlands), 
100 U/ml penicillin and 100 µg/ml streptomycin (Biowhittaker). Cells were 
grown at 37°C in a humidified atmosphere of 5% CO2 in air and passaged 
twice a week. The RM-9 cell line was retrovirally transduced to produce 
the immunostimulatory cytokine mIL-7.[14] Cytokine expression per one 
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million of transfected cells per 24 hours was determined to be 29 ng. 
Male C57Bl/6 mice (6 to 12 weeks old) were purchased from Charles 
River Laboratories (St Germain sur l’Arbresle, France), housed in 
individually ventilated cages and were allowed to acclimatize for 1 week. 
Mouse chow and water were given ad libitum. Animal experiments were 
performed under the national Experiments on Animals Act that serves the 
implementation of “Guidelines on the protection of experimental animals” 
by the Council of Europe (1986), Directive 86/609/EC, only after a positive 
recommendation by the Animal Experiments Committee. No alternatives 
(in relation to Replacement, Reduction or Refinement) were available. 

Immunization, Depletion, and Tumor Challenge Strategy

	 RM9/mIL-7 cells were harvested by trypsinization, washed twice 
with phosphate-buffered saline (PBS), resuspended in PBS at a density 
of 1×107 cells/ml, and γ-irradiated at 75 Gy. Vaccination was performed 
once a week for 3 consecutive weeks by subcutaneous injection of 1×106 
γ-irradiated cells. One week after the final vaccination, a subcutaneous 
(1×105 cells in 100 µL PBS) challenge was administered under anesthesia 
with isofluraan/ O2.[15,16] Mice were checked daily on health and well being 
status by animal facility employees, and tumor growth was monitored 
by calliper measurements. Mice were euthanized when suffering from 
tumor burden as observed objectively by the animal facility employees 
or when tumor sizes exceeded 1,500 mg. The exact time point when 
tumors reached the size of 1,500 mg was calculated by means of a non-
linear curve fitting model [Prism 4.0 software (GraphPad) Software].[17] 

	 Depletion of CD3+, CD4+, CD8+, or NK1.1+ cells were performed 
through intraperitoneal injections (i.p.). Mice were injected twice a week 
with 0.5 ml PBS containing 0.5 mg[18] monoclonal aCD3 (clone 17A2), 
aCD4 (clone GK1.5), aCD8 (clone YTS169), or aNK1.1 (clone PK136) 
(Biosceros, Utrecht, The Netherlands) antibodies. Depletion injections 
started 3 weeks before tumor challenge administration, one injection 
simultaneously with the RM-9/ mIL-7 vaccination, the second depletion 
was administered 3 days later. Depletion injections were continued for 
two weeks after tumor challenge administration.
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Experimental Set-up

	 Immunologic depletion, tumor growth, and survival of non-
vaccinated C57Bl/6 mice, four per group, was monitored by fluorescence 
activated cell sorting analyses after three i.p. injections with depleting 
antibodies. Baseline cell counts were determined in PBS-injected 
control mice. After three i.p. injections with depleting antibodies, the 
depletion effect on an introduced subcutaneous RM-9 tumor challenge 
was studied. Both tumor growth and survival were monitored twice 
a week. Six groups of mice, 11 mice per group, were tested for RM-9 
tumor immunity by RM-9/mIL-7 vaccination. One group of mice was not 
vaccinated (non-vaccination control), whereas the other three groups 
were vaccinated once a week, for three consecutive weeks. During 
vaccination both non-vaccinated mice and one group of RM- 9/mIL-7 
vaccinated mice (vaccination control) received i.p. injections of PBS 
twice a week, whereas the other four vaccinated mice groups were 
injected twice a week i.p. with monoclonal antibodies specific for the 
depletion of either CD3+, CD4+ CD8+, or NK1.1+ cells. In the fourth week 
(t=0), all mice groups received a subcutaneous RM-9 tumor challenge. 
Tumor growth was monitored as described.

Flow Cytometry

	 Blood was collected in heparine containing tubes (Sarstedt, 
Nümbrecht, Germany) through retro-orbital puncture under anesthesia 
with isofluraan/O2, incubated for 1 hour on ice with combinations  
of anti-mCD3-PE, anti-mCD4-PE-Cy5, anti-mCD4-FITC, anti-mCD8-
FITC, and anti-mNK1.1-FITC antibodies (BD Biosciences, Breda, The 
Netherlands), washed twice with PBS, disposed of erythrocytes with 
FACSTM lysis solution (BD Biosciences), washed with PBS, and fixed with 
1% paraformaldehyde (Fluka Chemie GmBH, Buchs, Germany). FACS 
measurements were performed on a FACScan (BD Biosciences), gate 
restrictions were placed, and gated cells were analyzed by CellQuest 
Pro, version 4.0.2 (BD Biosciences).



	 Tumor Protection by IL-7 Secreting Whole Cell Vaccine 	 |	 83

C
H

A
P

T
E

R
 4

Statistical Analyses

	 Statistical analyses of survival data were performed with the 
Kaplan-Meier survival curves and the log-rank test. FACS data were 
analyzed using the F-test (SPSS version 11.0.1). Differences were 
considered significant when p ≤ 0.05.

Results

Tumor Growth and Survival After Depletion in Non-vaccinated C57Bl/6 Mice

	 Depletion of non-vaccinated C57Bl/6 mice showed a reduction 
56.4% of the CD4+ lymphocyte population, whereas the reduction of 
the NK1.1+ population was on average of 88.4% compared with the PBS 
control group. Mice depleted for CD3+ or CD8+ lymphocytes showed 
the most effective depletions compared with the PBS control group. 
Reduction was 97.3% and 99.3% for CD3+ and CD8+ cells, respectively 
(Fig. 1). Next, the effect of each depletion on an introduced subcutaneous 
RM-9 tumor challenge was studied. Tumor growth and survival were 
monitored twice a week (Fig. 2). Compared with the PBS control, all the 
depletion groups showed a significant shorter survival compared with 
the average survival time of the PBS control group (15.68 ± 2.85 days, 

Figure 1. Systemic CD3+, CD4+, CD8+, and NK1.1+ cells in non-depleted and CD3+ depleted, CD4+  

depleted, CD8+ depleted, or NK1.1+ depleted mice. Blood was taken through retroorbital puncture,  

stained for CD3+, CD4+, CD8+, or NK1.1+ cells and quantified by FACS analysis. Average cell counts  

per 100,000 cells ± SEM are depicted. *Significance (p < 0.05) with regard to the non-depleted mice.
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for all depletions p < 0.05). Furthermore, tumor growth was on average 
faster in the depleted mice compared with the PBS control mice. Mice 
depleted for NK1.1+, CD8+, CD4+, or CD3+ showed an average survival 
time of 12.58 ± 0.43, 12.88 ± 0.82, 13.48 ± 1.10, and 13.70 ± 0.18 days, 
respectively.

Survival After Depletion of Vaccinated Mice

	 Six groups of mice were vaccinated with the whole cell vaccine 
RM-9/mIL-7 and tested for RM-9 tumor immunity. One group of mice was 
not vaccinated nor depleted (non-vaccination control), one group was 
RM-9/mIL-7 vaccinated but not depleted (vaccination control), whereas 
the other four groups were vaccinated once a week and depleted with 
monoclonal antibodies specific for either CD3+, CD8+, or NK1.1+ cells. 
In the fourth week (t = 0) all mice groups received a subcutaneous 
RM-9 tumor challenge. Tumor growth was monitored twice a week and 
survival determined (Fig. 3). 
	 Compared with the non-vaccination control group, mice of the 
vaccination control group (RM-9/mIL-7 vaccinated) clearly showed longer 
survival times (p < 0.0001). The non-vaccinated mice did not survive the 
tumor challenge and showed an average survival time of 23.5 ± 9.9 days, 
whereas six mice of the vaccination control group survived the tumor 
challenge, and the mean survival time of non-survivors was observed 
to be 39.1 ± 9.0 days. Vaccinated mice, but depleted for either CD3+, 
CD4+, CD8+, or NK1.1+, all showed shorter survival times compared with 
the mice of the vaccination control group. In all depletion groups, fewer 
mice survived the tumor challenge. Five tumor challenge surviving 
mice were observed in the CD4+ depletion group, and an average 
survival time of 32.0 ± 8.0 days for the non-survivors (p = 0.476) was 
also observed. In the CD8+ depletion group, only two mice survived the 
RM-9 tumor challenge, and in the CD3+ depletion group three surviving 
mice were observed. The non-survivors among the CD8+-depleted 
mice showed an average survival time of 31.4 ± 8.7 days (p = 0.005), 
whereas the CD3+ depleted mice showed a survival time of 33.1 ± 7.5 
days (p = 0.248) (Fig. 3 A). However, the shortest survival was observed 
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Figure 2 A, Kaplan-Meier survival curve of CD3+,  

CD4+, CD8+, or NK1.1+ cells-depleted mice (non-

vaccinated). C57Bl/6 mice were depleted twice a  

week through intraperitoneal injections and a RM-9  

tumor challenge was administered  subcutaneously.  

Mice were monitored for tumor growth and survival  

was determined. *Significance (p < 0.05) with regard 

to the depleted mice. Figure 2 B, Average tumor 

growth curves of CD3+ depleted, CD4+ depleted, CD8+ 

depleted, or NK1.1+ depleted mice (non-vaccinated).
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Figure 3 A, Kaplan-Meier survival analysis of RM-9/

mIL-7 vaccinated mice depleted for CD3+, CD4+, CD8+, 

or NK1.1+ cells. Non-vaccinated mice and RM-9/mIL-7  

vaccinated mice (both non-depleted) were used as 

controls (non-vaccination control and vaccination 

control, respectively). *Significance (p < 0.05) with 

regard to non-depleted RM-9/mIL-7 vaccinated mice. 

Figure 3  B, Average tumor growth curves of RM-9/mIL-7  

vaccinated mice, depleted for CD3+, CD4+, CD8+, or 

NK1.1+ cells and for control mice.
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for the NK1.1+ depleted mice. Ten of 11 mice did not survive the RM-9 
tumor challenge with a mean survival time of 26.8 ± 7.2 days (p = 0.001), 
which is nearly comparable with survival times of the mice of the non-
vaccinated control group (Fig. 3 B).

Discussion

	 Previously we showed that mice vaccinated with an irradiated 
RM-9/mIL-7 cell suspension showed prolonged survival from a RM-9  
cell challenge.[6] Here we describe depletion experiments in which 
specific immunologic cells were depleted.  A clear view was obtained 
with regard to survival of the different depletion groups, and it was 
concluded that the observed prolonged survival of these RM-9/mIL-7 
vaccinated mice was mainly the result of NK1.1+ cell mediated immunity.
	 As C57Bl/6 mice are assumed to be normal with regard to their 
immune system, non-vaccinated mice were first depleted for CD3+, 
CD4+, CD8+, or NK1.1+. The monoclonal antibodies used for depletion 
were injected intraperitoneally at a relatively high concentration 
of 500 µg/ml, in which 150 to 250 µg/ml are more commonly used 
concentrations.  These high concentration turned out to be necessary,  
as lower concentrations did not result in the high depletion rates (data 
not shown). Unfortunately, the depletion of the CD4+ lymphocytes 
resulted in only 56.4%, and therefore was considered as not optimal. 
This lower percentage of depletion could not be explained; however,  
it has been described that depletion of cells can also result in inactivation 
of the “depleted” cells. In case of inactivation, the cells are still present 
and can be measured by FACS staining but are no longer functional.[19]  
Mice depleted for either CD3+, CD4+, CD8+, or NK1.1+ cells were challenged 
by injection of RM-9 tumor cells. All mice, regardless the type of 
depletion, showed a shortened survival compared with the mice of the 
non-depleted group. As immunologic depletion resulted in decreased 
survival times, it is assumed that C57Bl/6 mice do have some degree  
of immunity against the RM-9 tumor challenge. This minor immunologic 
protection against the RM-9 tumor challenge might be expected due 
to the fact that the C57Bl/6 mouse is a fully immunologic competent 
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mouse, and therefore a minor immunologic reaction can be expected 
against a genetically modified autologous cell line like RM-9. 
	 To gain insight into the immunologic cells involved in the protection 
against the RM-9 tumor challenge, after RM- 9/mIL-7 vaccination, mice 
were depleted for CD3+, CD4+, CD8+, or NK1.1+ cells.  The shortest survival 
times after tumor challenge observed for the mice that were neither 
depleted nor vaccinated (non-vaccination control). It seems that these 
mice did not build-up any degree of protection against the RM-9 tumor 
challenge, and therefore it was considered as baseline RM-9 tumor 
challenge survival. Survival times of the RM-9/mIL-7 vaccinated mice 
were compared with the non-vaccination control group. RM-9/mIL-7  
vaccinated mice (vaccination control) showed the best survival, this was 
expected as increased immunologic infiltration was found into end-
point tumors compared with the non-vaccinated mice.[6] Survival times 
of the RM-9/mIL-7 vaccinated mice depleted for NK1.1+ are considerably 
shortened; nevertheless, also mice depleted for CD3+, CD4+ (however, 
not optimally depleted), or CD8+ lymphocytes demonstrated decreased 
survival times, although to a lesser extent. Since, the NK1.1+ depleted 
mice show almost the same survival times as the non-vaccinated mice, 
the immunologic protection against the RM-9 tumor challenge must be 
merely the effect of NK1.1+ cells. However, mice depleted for CD3+, CD4+, 
or CD8+ cells also showed decreased survival times, and, therefore, it 
is likely that these types of  T cells play a minor or different role in 
the RM-9 tumor challenge defence of this model. This observation was 
strengthened by the outcomes of interferon (IFN)-γ measurements in 
ELISA and ELISPOT assays. Isolated peripheral blood mononuclear 
cells from RM-9/mIL-7 vaccinated mice, had a low-base expression of 
IFN-γ expression in the absence of RM-9 target cells. When exposed 
to the RM-9 cells in either ELISA or ELISPOT assay, IFN-γ expression 
further decreased to background levels. This observation indicated that 
the target cells inhibit the IFN-γ response and could explain that during 
vaccination the CTL response is suppressed (data not shown).
	 Given the fact that animal models do not directly mimic all 
aspects of human prostate cancer, the effects of IL-7 expression 
during vaccination could be of value for an immunlogic therapeutic 
intervention in humans. In the mouse model, the response against the 
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RM-9 prostate tumor is merely related to be NK1.1 expressing cells 
compared with CD3 expressing, CD4 expressing, or CD8 expressing 
lymphocytes. However, one must keep in mind that NK1.1 is expressed 
by natural killer cells but also by a subset of T cells. As a consequence, 
depletion of NK1.1+ cells also results in a depletion of a subset of  T 
cells. In contrast, some NK1.1+ cells express CD4 or CD8 epitopes on 
their cell surface (NKT cells), and are depleted during CD4+ or CD8+  T 
cells depletion. Nevertheless, research on IL-7, the expression of IL-7 
by prostatic epithelial and the possibilities to recruit immunologic 
cells against prostate cancer and its metastasis through IL-7, might be 
valuable for future immunotherapeutic modalities.
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Abstract

	 Given the fact that prostate cancer incidence will increase in the 
coming years, new prognostic biomarkers are needed with regard to 
the biological aggressiveness of the prostate cancer diagnosed. Since 
cytokines have been associated with the biology of cancer and its 
prognosis, we determined whether transforming growth factor beta 1  
(TGFb1), interleukin-7 (IL-7) receptor and IL-7 levels add additional 
prognostic information with regard to prostate cancer specific survival.
Retrospective survival analysis of forty-four prostate cancer patients, 
that underwent radical prostatectomy (RP), was performed (1989–2001). 
Age, Gleason score and pre-treatment PSA levels were collected. IL-7, 
IL-7 receptor and TGFb1 levels in prostate cancer tissue were determined 
by quantitative real-time RT-PCR and their additional prognostic value 
analyzed with regard to prostate cancer survival. Hazard ratios and 
their confidence intervals were estimated, and Akaike’s information 
criterion (AIC) was calculated for model comparison. The predictive 
ability of a model for prostate cancer survival more than doubled when 
TGFb1 and IL-7 were added to a model containing only the Gleason 
score and pre-treatment PSA (AIC: 18.1 and AIC: 6.5, respectively). IL-7 
and TGFb1 are promising markers to indicate those at risk for poor 
prostate cancer survival. This additional information may be of interest 
with regard to the biological aggressiveness of the diagnosed prostate 
cancer, especially for those patients screened for prostate cancer and 
their considered therapy.

Keywords 

	 Gleason score, Interleukin-7, Prostate cancer, Survival, TGFb1
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Introduction

	 According to UN Projections, the population aged 60 or over increases 
from 475 million in 2009 to 1.6 billion in the year 2050. Since prostate 
cancer is primarily a disease of elderly males, one could expect an increase 
of prostate cancer incidence in the coming years. In addition, an extra 
increase could be expected as a consequence of screening for prostate 
cancer, for example, using prostate-specific antigen (PSA).[1, 2] 
	 Histologic tumor grading of prostate cancer is essential for the 
assessment of prognosis. Prognosis refers to the expected biologic 
potential of a patient’s prostate cancer to spread to other organs, that 
is, to metastasize. Prognosis is, among others, based upon PSA pre-
treatment level and the Gleason score. The Gleason grading system 
uses the histological pattern of neoplastic cells in hematoxylin-eosin-
stained sections and is largely subjectively scored by the pathologist.[3] 

	 Gleason scores can be derived from both biopsy and radical 
prostatectomy samples. The biopsy derived Gleason score often 
undergrades the Gleason score of the actual tumor because of sampling 
error.[4–6] Furthermore, a high variability has been described in the 
way clinicians use prostate needle biopsy-based pathology reports.
[7–9] Despite the inter and intraobserver variabilities of Gleason score 
determination, and discordance in the Gleason score between biopsy 
and radical prostatectomy specimens, the Gleason score remains the 
most important prognostic factor for prostate cancer clinical outcome 
and therefore strongly influences decisions regarding options for 
therapy.[4–6, 10, 11] The above limitations of the Gleason score indicate the 
need for additional, and preferably objectively measured information 
on the biological aggressiveness of the diagnosed prostate cancer, 
especially while screening for prostate cancer.
	 Cytokines have been associated with the biology of cancer and its 
prognosis. These low molecular weight molecules have significant roles, 
not only in immune/inflammatory systems, but also in hematopoiesis, 
the acute phase response, and multiple other functions. Specific 
cytokines have been found to be elevated in plasma of patients with 
various malignancies including prostate cancer. For example, earlier 
studies suggested a relation between increased levels of interleukin-4 
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(IL-4), IL-6 and IL-10 with prostate malignancy.[12, 13] Other studies reported 
patients with metastatic prostate cancer which were associated with 
increased transforming growth factor beta (TGFb) serum levels, and 
TGFb1 accumulation in primary and metastatic prostate cancer tissue 
samples.[14–18] Furthermore, an antagonistic relationship has been 
suggested for TGFb and IL-7.  TGFb down regulates IL-7 secretion,[19] 
whereas IL-7 inhibits the production of TGFb1 by tumor cells.[20]

	 In non-cancer cells, TGFb stops cell proliferation, induces 
differentiation, or promotes apoptosis. In cancer cells, mutations of the 
TGFb pathway confer resistance to growth inhibition by TGFb, resulting 
in uncontrolled cell proliferation. The increase of TGFb production in 
cancer cells also stimulates angiogenesis and suppresses the activities 
of infiltrating immune cells, thereby facilitating the tumor to escape 
immunosurveillance.[21] On the other hand, IL-7 promotes T cell cytolytic, 
innate responses, anti-tumor reactivity in lung cancer, and prolonged 
survival in mice after whole cell vaccination with cells that are able 
to secrete mIL-7.[22–25] Loss of epithelial IL-7 in prostate cancer tissue is 
associated with a severe depletion of prostate associated lymphocytes.[26] 

	 Therefore, we hypothesize that  TGFb1, the IL-7 receptor and IL-7 
may add additional objective information to Gleason score and pre-
treatment PSA level-based prognosis of prostate cancer specific 
survival. In this retrospective study in forty-four patients with localized 
prostate cancer who underwent radical prostatectomy, we tested this 
working hypothesis. Prostate cancer specific survival was examined 
in relation to the Gleason score, pre-treatment PSA level, age, and 
prostate tissue expression levels of IL-7,  TGFb1 and the IL-7 receptor.

Methods

Patient samples

	 Clinical prostate cancer samples (1989–2001) were obtained from 
the tissue bank of the Erasmus University MC. Samples were snap 
frozen and stored in liquid nitrogen. All samples contained at least 70% 
tumor cells. Collection of patient samples was performed according to 
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national legislation concerning ethical requirements. The Erasmus MC 
Medical Ethics Committee, according to the Medical Research Involving 
Human Subjects Act, approved the use of these samples. Population 
characteristics are shown in Table 1, follow-up was completed until 
December 31, 2008. 

RNA isolation and gene expression analysis

	 RNA from the prostate cancer samples was using RNABee reagent 
as described by the manufacturer (Tel-test, Inc., Friendswood, TX, 
USA). The RT reaction was performed with 1 µg RNA from the samples 
with oligo-(dT)12–18 primer (Invitrogen) and pre-incubated for 10 min 
at 70°C. First-strand buffer, dithiothreitol, dNTPs and RNAsin were 
added and incubated for 2 min at 37°C. The RT reaction was initiated  
by MMLV-RT and incubated for 1 hour at 37°C. After this, the reaction 
was maintained for 10 min at 90°C and immediately thereafter frozen. 
Quantitative real-time RT-PCR analysis was done with an ABI Prism  
7700 Sequence Detection System (Applied Biosystems) using Ampli 
Taq Gold according to the manufacturer’s ecifications (Applied  

Table 1. Characteristics of forty-four patients with localized prostate cancer

			   Continuous 	 Log-transformed

Age at treatment, median (IQR)		 61.0 (9.5)

PSA pre-treatment (ng/ml), median (IQR)		 10.8 (13.8) 	 3.4 (1.6)

Cancer percentage in tissue, median (IQR)		 90.0 (1.0)

Gleason score (n)

	 6			  29

	 7			  10

	 8–10			   5

Cytokine tissue levels (expression/PBDG)

	 IL-7			  6.0 (6.0)	 2.6 (1.3)

	 IL-7r 			  3.4 × 107 (7.2 × 107) 	 25.0 (2.5)

	 TGFb1 		 44.5 (48.5) 	 5.5 (1.4)

Cytokine levels determined in prostate cancer tissues of the 44 prostate cancer patients studied. 

IL-7 interleukin 7, IL-7r interleukin 7 receptor, TGFb1 tumor growth factor beta 1, PSA prostate-

specific antigen, IQR interquartile range
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Biosystems, Foster City, CA). The FAMlabeled primers and probes 
for Taqman Gene Expression Assays were obtained from Applied  
Biosystems (IL-7, Hs00978525_m1; IL-7 receptor, Hs00902334_m1; 
TGFb1, Hs00998133_m1). The CT readings of target gene expressed 
were normalized to an endogenous reference and relative to a calibrator. 
The endogenous reference was Porphobilinogen deaminase (PBDG); a 
mixture of cDNAs of prostate carcinoma xenografts was used as the 
calibrator.[27, 28]

Statistics

	 With death from prostate cancer as event, and death from other  
causes considered as censored events, log-rank tests and Cox  
regressions were performed using base 2 log-transformed pre-treatment 
PSA levels, and base 2 log-transformed IL-7, IL-7 receptor and TGFb1 
relative expression levels. Post-surgical information such as pTNM staging 
was omitted in this study because of our interest in a possible stronger  
pre-surgical prognosis, at present mainly based upon the pre-treatment 
PSA levels and the Gleason score. The relation of the variables 
on prostate cancer survival was determined, along with Akaike’s 
information criterion (AIC 2X   ) for the comparison of the models. The AIC 2X      

measures the improvement in prognostic value of a model with respect 
to a model with a sole constant as a predictor (=null-model). Therefore, 
if two models are compared (using the same underlying dataset),  
the model with the highest AIC 2X   is to be preferred. Please note that 
AIC is different than the mentioned AIC 2X   .  AIC is defined as the —2log 
likelihood of the observed data at hand under the assumed model, 
corrected for the number of degrees of freedom. It refers to the quality 
of the fit.  A perfect fit yields a —2log likelihood of zero, a less than 
perfect fit a value greater than zero, and therefore the smaller the AIC 
the better the fit.
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Results

Patient characteristics

	 Forty-four prostate cancer patients were studied, 7 patients died of 
prostate cancer. All patients underwent radical prostatectomy and had 
clinical findings reviewed. Patient characteristics and relative cytokine 
expression levels are reported in Table 1. The median age at diagnosis 
was 61 years with an interquartile range (IQR) of 9.5 years. The median 
PSA level pre-treatment was 10.8 ng/ml (IQR: 13.8 ng/ml), and the 
median Gleason score was 6. Median cytokine levels in the examined 
prostate cancer tissue samples were 6.0 (IQR: 6.0), 3.4 × 107 (IQR 7.2 × 
107) and 44.5 (IQR 48.5) for IL-7, IL-7 receptor and TGFb1, respectively. 
The median follow-up time was 11.8 years (IQR 5.3 years) after radical 
prostatectomy.

Analysis of prostate cancer specific survival

	 First a log-rank test was performed using the individual variables in 
relation with prostate cancer specific survival. Both the Gleason score 
(p = 0.00) and pre-treatment PSA levels (p = 0.00) did show a relation 
with prostrate cancer specific survival, as well as IL-7 receptor (p = 0.00), 
IL-7 (p = 0.04) and TGFb1 (p = 0.00). Age at diagnosis (p = 0.91) did not 
indicate to be related to prostate cancer death. Contribution of separate 

Table 2. Univariate analysis of individual variables with regard to prostate cancer survival.

			   X2	 p-value

Gleason score 	 47 	 0.00

Pre-treatment PSA	 102	 0.00

TGFb1 		  100	 0.00

IL-7			   26	 0.04

IL-7 receptor	 102	 0.00

Age			   26	 0.13

The variables IL-7 expression, IL-7 receptor expression, TGFb1 expression and pre-treatment PSA 

levels were base 2 log-transformed before analysis. IL-7 interleukin 7, IL-7r = interleukin 7 receptor, 

TGFb1 tumor growth factor beta 1, PSA prostate-specific antigen
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variables to prostate cancer specific survival is summarized in Table 2.
	 Secondly, multivariate analysis with regard to prostate cancer 
specific survival was performed (Table 3). The basic model included 
the Gleason score (hazard ratio (HR) 2.4, confidence interval (CI) 1.0–6.1)  
and PSA levels pre-treatment (HR 1.4 CI 0.8–2.2), since these two 
parameters are, among others, used for decision-making on prostate 
cancer treatment. This basic model was extended using the other 
variables. Extending the basic model with basic model with the variables 
IL-7 receptor (HR 0.52 CI 0.22–1.20) or age (HR 0.96 CI 0.85–1.09) did 
not improve the prediction of disease specific survival. The best model 
for prediction of disease specific survival included the log-transformed 
pre-treatment PSA levels (HR 1.6 CI 0.8–3.0), log-transformed TGFb1 
expression (HR 10.4 CI 2.1–52.0), log-transformed IL-7 expression  
(HR 0.1 CI 0.0–0.9) and the Gleason score (HR 4.2 CI 1.0–17.7). The AIC 2X   

were 6.5 and 18.1 for the basic model and the final model, respectively.

Table 3. Multivariate analysis using Cox regression of the basic model, including pre-treatment 

PSA levels and Gleason score.

			   Multivariate basic model	 Multivariate final model

			   HR	 CI	 p-value	 HR	 CI	 p-value

Gleason score	 2.4	 0.97–6.11	 0.06	 4.2	 1.01 –	 17.68	 0.05

Pre-treatment PSA	 1.4	 0.85–2.22	 0.20	 1.6	 0.80 –	 3.04	 0.19

TGFb1					     10.4	 2.01 –	 52.00	 0.00

IL-7						      0.1	 0.02 – 	 0.86	 0.03

This basic model was extended using the log-transformed IL-7 expression and TGFb1 expression 

for the best prediction of disease specific survival. The AIC 2X   were 6.5 and 18.1 for the basic model 

and the final model, respectively. IL-7 interleukin 7, TGFb1 tumor growth factor beta 1, 

PSA prostate-specific antigen, HR hazard ratio, CI confidence interval
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Discussion

	 We analyzed the data of forty-four prostate cancer patients for 
prostate cancer specific survival in relation with the Gleason score, 
PSA-level pre-treatment, age at diagnosis, and the expression levels of 
IL-7,  TGFb1 and the IL-7 receptor within prostate cancer tissue samples. 
	 Besides the Gleason scores and pre-treatment PSA levels, also the IL-7 
receptor, IL-7 and  TGFb1 were related to prostate cancer specific survival 
(log-rank test,  Table 2). The relation of the Gleason score and PSA levels 
with prostate cancer prognosis has been reported since the 1960s.[3, 29]  
Elevated levels of  TGFb1 are associated earlier to be involved in the 
development of prostate cancer in animal models and accumulation of 
TGFb1 in primary and metastatic prostate cancer tissue samples.[15–18] Pre-
treatment biomarker levels of for example vascular endothelial growth 
factor, IL-6 but also  TGFb1 have been indicated to improve the accuracy 
of post-prostatectomy for prediction of biochemical recurrence, when 
incorporated into standard predictive models. It was suggested that this 
incorporation might allow more accurate identification of patients who 
are likely to fail RP thereby allowing more efficient delivery of adjuvant 
therapy.[30, 31] It has however also been reported that plasma  TGFb1 
was not elevated in prostate cancer patients compared to non-prostate 
cancer patients. Plasma TGFb1 levels did not correspond to Gleason 
score or PSA levels in these patients; however, urinary TGFb1 levels did.[32]  
On the other hand, one should take into account that urinary markers 
might reflect a renal process rather than a prostate cancer process, as 
well as the variation of serum markers due to underlying disease or 
age[33–35]. Even though it is difficult to compare these studies because 
different methods were used in collection and preparation of patient 
samples, more objective  TGFb1 detection in plasma or other cytokines 
related to prostate cancer could ease in determination of the prostate 
cancer process and treatment. Decreased IL-7 receptor expression 
has not been reported before in relation with prostate cancer tissue. 
However, reduced numbers of IL-7 receptor expressing immune cells 
and IL-7 signaling defects in peripheral blood were observed in patients 
with breast cancer.[36] Epithelial IL-7 production was reported to support 
intraprostatic lymphocyte survival. Its loss in prostate cancer is 
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associated with a severe depletion of prostate associated lymphocytes 
and points to a tumor escape mechanism.[26]

	 Functional cytokines are classified in pro-inflammatory (Th1) and 
anti-inflammatory (Th2). It has been reported that high levels of the 
anti-inflammatory cytokines IL-4 and IL-10 are associated with elevated 
levels of PSA.[13] IL-6 is an interleukin that acts as both a pro-inflammatory 
and anti-inflammatory cytokine. In relation to prostate cancer, elevated 
levels of IL-6 have been associated with elevated levels of PSA and 
disease activity.[12, 13] TGFb1 also belongs to the anti-inflammatory 
cytokines, and in relation with prostate cancer, elevated levels of  TGFb1 
were correlated to disease progression,[14–18] which is also observed in 
our presented model. IL-7, on the other hand, is a pro-inflammatory 
cytokine. In our model, low levels of IL-7 are associated with poor 
prostate cancer survival, which reflects the suggested antagonistic 
relationship between TGF and IL-7.[19, 20]  The overall picture for prostate 
cancer suggests that elevation of anti-inflammatory cytokines is related 
to poor prostate cancer prognosis, while elevation of pro-inflammatory 
cytokines reduces the risk.[37, 38] Multivariate models based on the Gleason 
score and pre-treatment PSA levels extended with other variables have 
been validated in this study. The final model for prediction of prostate 
cancer specific survival included the Gleason score, pre-treatment PSA 
levels, TGFb1 expression and IL-7 expression. When Cox regression 
was performed, hazard ratios, together with their confidence intervals, 
were presented (p-values lower or equal to 0.05 were considered 
statistically significant), along with Akaike’s information criterion (AIC2

X  ).  
A model with base 2 log-transformed variables showed better fitting 
(observed-expected) compared to non-log-transformed variables  
(AIC2

X   : 18.05 and 15.89, respectively). The additional value of TGFb1 
and IL-7 with respect to predicting the natural course of disease was 
evident, since the prognostic value of the model was almost three times 
higher than a model including only Gleason score and pre-treatment 
PSA (AIC2

X   18.1 vs. AIC 2X   6.5, respectively). This model also reflects the 
suggested antagonistic behavior of  TGFb1 and IL-7.  High levels of  TGFb1 
corresponded with a higher risk, and high IL-7 levels with reduced risk 
of prostate cancer death. Given the limitations of Gleason grading, the 
final model was analyzed without the Gleason score (data not shown).  
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This model showed to be less predictive for prostate cancer survival, 
and the AIC 2X   was lower (AIC 13.5) compared to the final model including 
the Gleason score (AIC 18.1).  Therefore, it was concluded that the 
predictive value of Gleason score, despite its limitations, could not be 
omitted in a predictive model for prostate cancer survival.
	 Given the limited number of patients in this study, these results need to 
be validated in studies with larger prostate cancer patient populations.[39]  
Nevertheless, our results indicate that IL-7 and  TGFb1 are promising 
markers to indicate those patients at risk for poor survival. Objectively 
measured TGFb1 and IL-7 expression levels in prostate cancer tissues 
can be of additional value with respect to the biological aggressiveness 
of the diagnosed prostate cancer and the considered therapy, when 
incorporated into a predication model containing the Gleason score 
and pre-treatment PSA levels. If pre-surgical TGFb1 and IL-7 expression 
levels could be measured in serum or urine,[32] with the same predictive 
properties as  TGFb1 and IL-7 derived from prostate cancer tissue, the 
application of the former is likely to be preferred.
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Abstract

	 Gene engineered T cell therapy represents a promising strategy 
to treat cancers. To enable selection of patients sensitive to this type 
of treatment we have set-up and validated a T cell activation assay to 
test antigen expression on patient derived tumor tissues. Chimeric 
antibody-based receptor (CAR) directed against CAIX, currently used 
in a clinical trial to treat RCC patients, was used as a model receptor. 
Primary human T cells expressing CAIX CAR were able to respond 
to CAIX positive but not CAIX negative tumor tissue and showed an 
increased production of IFNγ, TNFa, IL-10 and IL-4, but not IL-2 or IL-5. 
Tumor tissue driven responses of primary T cells were paralleled by 
NFAT activation measured in CAR transduced Jurkat T cells, which was 
shown to be triggered in a CAR and antigen specific manner. Next, the
reporter gene assay was applied to two independent PSMA CARs, 
which both mediated NFAT activation in response to tumor tissue. Taken 
together, a sensitive and donor independent assay was established 
to measure T cell activation upon exposure to patient derived tumor 
tissue, which may facilitate selection of patients for clinical adoptive  
T cell therapy.

Keywords 

	  Chimeric antibody-based receptor (CAR), Gene-modified T cells, 
NFAT reporter gene assay, Prostate cancer, T cell therapy
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Introduction

	 Localized cancers are often treated by surgical removal of the 
diseased tissue or organ. Metastasized cancers, for example prostate 
cancer (PC), harbor difficulties of treatment when they are spread 
throughout the patients’ body, at which stage most often only palliative 
treatments are available.[6, 7, 23, 26] The development of novel therapeutic 
regimens such as therapy with T cells or gene engineered T cells in 
order to provide anti-tumor immunity may represent an attractive 
option to treat metastasized cancers.[24, 31] In fact, receptor engineered 
T lymphocytes have already shown clinical feasibility. In example, T 
lymphocytes engineered to express single chain variable fragment scFv 
(defined as chimeric antibody-based receptor, CAR) directed against 
carboxy anhydrase-IX (CAIX) and alpha-foliate receptor have been 
applied towards renal cell carcinoma (RCC) and ovarian carcinoma, 
respectively, but as of yet without clear objective clinical responses.[11, 13] 
Clinical response rates following adoptive therapy with CAR engineered 
T cells are expected to improve by careful assessment of the safety and 
efficacy of the target antigen of choice as well as the ligand-binding 
affinity and molecular design of CAR receptors to engineer the T cells.
	 Tumors may escape the host’s immune response because of lack or 
compromised expression of major histocompatibility complex (MHC) 
and/or co-stimulatory ligands.[19] Specific CARs for a surface tumor 
associated antigen (TAA), in combination with the anti-tumor potential 
of T lymphocytes, may bypass immunological escape of tumors that 
have downregulated or lost MHC molecules. Furthermore, in case of 
CAR that incorporate co-stimulatory molecules, such as CAR:CD28-
CD3ζ, tumor recognition does not depend on co-stimulatory ligands 
nor induces loss of T cells by activation induced cell death and results 
in more durable T cell responses.[3, 4, 8] The design and validation of 
CARs that permit optimal antigen specific T lymphocyte activation are 
of critical importance to the clinical implementation of receptor genes 
in the treatment of cancers.
	 Currently, the cloning and functional validations of CAR receptors 
are laborious and time consuming, and clinical adoptive therapies with 
CAR modified T cells depend on GMP-grade and therefore expensive 
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gene transductions, expansions and infusions of patient’s T cells. 
Selection of patients based on antigen expression in patient’s tumor 
and non-tumor tissue may improve the therapeutic efficacy, safety and 
cost effectiveness of adoptive T cell therapy, since only those patients 
who are anticipated to benefit from CAR T cell therapy will be treated. 
Screening of patient’s tumor tissue by antibody staining does provide 
information on the presence of the target antigen but not necessarily on 
the tumor’s ability to induce a T cell response. A functional screening 
assay based on CAR engineered T cells is expected to better facilitate 
the selection of patients for adoptive therapy with CAR modified T cells.
	 In this manuscript, we have set-up and validated activation of CAR 
directed T cells upon exposure to freshly prepared and patient derived 
tumor tissue. First, we explored the ability of CAR engineered primary 
T cells to respond in an antigen dependent manner upon exposure to 
tumor tissue. Second, we translated the tumor tissue driven response 
into a sensitive and donor independent NFAT activation assay in CAR 
transduced Jurkat T cells. The assays in both primary human T cells 
and the Jurkat T cell line were set-up with a CAIX specific CAR, and 
the reporter gene assay was validated for two independent prostate-
specific membrane antigen (PSMA) specific CARs.

Methods

Cells and culture reagents

	 The Jurkat  T cell cl. E6.1, the CAIX negative renal cell carcinoma (RCC) 
derived SKRC-17 cl.1 and the CAIX cDNAtransfected SKRC-17 cl.4 (both 
kindly provided by Dr. Egbert Oosterwijk, Nijmegen, The Netherlands) 
were cultured with RPMI 1640 medium (Cambrex Bio Sciences, Verviers, 
Belgium) supplemented with 200 nM L-glutamine, 10% bovine calf serum 
(BCS, Greiner Bio-one, Alphen a/d Rijn, The Netherlands), and the antibiotics 
streptomycin (100 μg/ml) and penicillin (100 U/ml) (both from Cambrex Bio 
Sciences) (Jurkat T cell medium). The prostate adenocarcinoma cell line 
LNCaP was cultured in RPMI 1640, supplemented with 5% fetal bovine 
serum, penicillin and streptomycin. The culture medium for the PC346C 
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cell line was composed as described elsewhere and cells were grown in 
T25 Primaria tissue culture flasks (BD Biosciences, Erembodegem–Aalst, 
Belgium) at 37 °C in a 5% CO2 humidified atmosphere.[20] Both LNCaP and 
PC346C cell lines are known to express the prostate-specific membrane 
antigen (PSMA).[12] The human amphotropic packaging cell line Phoenix 
was grown in DMEM (Gibco BRL, Paisley, Scotland, UK) supplemented with 
10% BCS and used to package retroviruses carrying RNA encoding CAIX 
or PSMA CARs. PBL from healthy donors were obtained with approval of 
the Erasmus MC Medical Ethical Committee, and isolated and expanded 
as described elsewhere.[28]

Patient derived tumor tissue and immune histochemistry

	 RCC tumor tissue and histological normal renal tissue were both 
freshly derived from the same patient material directly after surgery, 
with approval of the Erasmus MC Medical Ethical Committee, and 
judged for histological hallmarks. Tissues from RCC patients were 
immune histochemically analyzed for CAIX expression. Sections of 4 
μm formalin-fixed paraffin embedded tissue were stained with M75 
mAb (an anti-CAIX mAb, a kind gift of Dr. Egbert Oosterwijk) according 
to a standard immune histochemistry protocol with antigen heat 
retrieval, using a polymer-based peroxidase system (DAKO EnVision, 
DAKO, Glostrup, Denmark) and diaminobenzidine as a chromogen. 
Staining was judged by a certified pathologist (MB) and considered 
positive if more than 75% of cells showed strong cytoplasmic staining. 
In case of prostate tissue only tumor tissue was obtained because of 
diagnostic reasons. Prostate tissues were considered PSMA positive 
according to observations that PSMA is expressed in all cases of 
prostate adenocarcinoma, with the greatest extent and intensity of 
expression observed in the highest grades of adenocarcinoma.[2] CAIX 
or PSMA negative tumor tissue are generally rare since the expression 
of these markers is highly related to renal cell carcinoma and prostate 
carcinomas, respectively,[10, 16, 27] and observed not or only to a limited 
extent in our study (CAIX negative tumor tissues, n = 3; and PSMA 
negative tumor tissue, n = 0).
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	 For T cell stimulation experiments, tissues were cut to slices of 
approximately 0.125 cm3 and were washed twice in RPMI 1640 (without 
HEPES) supplemented with 10% BCS, 200 nM L-glutamine and penicillin 
and streptomycin, and incubated in sterile collagenase A (0.5 mg/ml in 
BCS, Sigma-Aldrich, St. Louis, US) at 37 °C for 1 hour. After incubation, 
individual tissue slices were put through a 70 μm mesh cell strainer (BD 
Biosciences), centrifuged at 450 g for 5 minutes afterwhich the pellet 
was resuspended in 1 ml Jurkat T cell medium. For T cell assays, 10% 
aliquots of these tumor cell preparations were used. Individual tumor 
slices yield between 0.6 and 2.5×106 total cells of which 20 to 60% are of 
epithelial origin (Suppl. Table 1).

Supplementary Table 1. Assessment of epithelial cells present in freshly prepared tumor tissues 

from renal cell carcinoma patients.a

a Tumor tissues from three renal cell carcinoma patients were prepared a described in the 
Material and Methods section. In short, tissues were cut to slices of approximately 0.125 cm3 and 
were washed twice in RPMI 1640 (without HEPES) supplemented with 10% bovine calf serum,  
200nM L-glutamine and penicillin and streptomycin, and incubated in sterile collagenase A 
at 37°C for 1 hour. After incubation, individual tissue slices were put through a cell strainer, 
centrifuged at 450 g for 5 minutes after which the pellet was resuspended in 1 ml medium.

b Cellular viability was determined by trypan-blue exclusion, and viable tumor cells were counted 
microscopically (Leitz Laburlux 12, Leica Geosystems BV, Rijswijk, the Netherlands) using Bürker 
counting chambers.

c The presence of epithelial cells was assessed by immune cytochemistry. Cytospins were 
prepared, air dried, and fixed overnight  in 10% neutral buffered formalin. Heat induced 
antigen retrieval was employed by boiling cytospins in citrate buffer at pH 6.0 for 20 minutes.  
After cooling to RT, staining was performed in an automated instrument (Autostainer Plus, DAKO, 
Glostrup, Denmark) using the DAKO EnVision system. Primary antibodies included pancytokeratin 
AE1/AE3 (Neomarkers, Lab Vision-Thermo Scientific, Fremont, CA, US) and pancytokeratin KL-1 
(Diagnostic BioSystems, Pleasanton, CA, US). Diaminobenzidine was used as a chromogen. 
Appropriate positive and negative controls were run in parallel.

				    Pan-epithelial markersc

			   Cell numberb	 AE1/AE3		  KL-1

Patient 1		  1,3x106	 50-60%	 40-50%

Patient 2		  0,6x106	 25%	 20-30%

Patient 3		  2,5x106	 40-50%	 40-50%
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Construction of CAR genes

	 The CAIX specific CAR:CD4-Fc(ε)RIγ receptor was constructed as 
described elsewhere.[29] In short, this CAR receptor comprises the 
variable domains of the human Ig heavy and κ light chain of the mouse 
anti-CAIX mAb connected by a flexible linker. The antigen binding 
part is coupled to a few amino acids of the constant domain of the κ 
light chain, the transmembrane domain of human CD4 molecule and 
the signaling domain of Fc(ε)RIγ. The CAR: CD4-Fc(ε)RIγ receptor was 
subsequently cloned into the retroviral vector pSTITCH[30] and used 
for retroviral transductions. The CAR:CD4-Fc(ε)RIγ receptor was also 
cloned into the pcDNA-3.1 vector (Invitrogen, Carlsbad, CA, USA) using 
EcoRI and XhoI restriction sites for nucleofection purposes.
	 The PSMA specific 3D8 CAR comprised the variable domains of the 
PSMA specific 3D8 mAb which were coupled to the V5 epitope tag, the 
hinge and transmembrane regions of human CD8α and the intracellular 
domain of human CD3ζ, and cloned in an SFG-based retroviral vector.[18]  
The 3D8 CAR:V5-CD8-CD3ζ receptor was inserted into pBluescript 
(Stratagene, La Jolla, CA, USA) via NcoI and XhoI, and subsequently 
inserted into the eukaryotic expression vector pcDNA-3.1 vector via 
EcoRI and XhoI. The PSMA specific J591 CAR comprised the variable 
domains of the PSMA specific J591 mAb which were again coupled to  
the hinge and transmembrane regions of human CD8α and the intracellular 
domain of human CD3ζ, and cloned in an SFG-based retroviral vector.
[5] The J591 CAR:CD8-CD3ζ was amplified by PCR to introduce SfiI and 
NotI restriction sites and introduced into pCantab 5 (Pharmacia, Upsala, 
Sweden). The pCantab J591 CAR was then digested with SfiI and NotI and 
introduced into SfiI and NotI-digested pcDNA-3.1 CAIX CAR:CD4-Fc(ε)RIγ.

Construction of NFAT reporter constructs

	 The luciferase cis-reporter plasmids contained 4× Nuclear Factor 
of Activated T cells (NFAT) response elements (REs) (i.e., NFAT-4-Luc) 
followed by a minimal IL-2 promoter and the firefly luciferase gene 
(Stratagene, La Jolla, CA). To generate a reporter plasmid containing 
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6x NFAT-RE, a gene was synthesized (Base Clear BV, Leiden, the 
Netherlands) encompassing 6 NFAT-REs, a minimal IL-2 promoter and 
a TATA box, and subcloned via XhoI and HinDIII into pNFAT-Luc.[1] Full 
gene sequence can be provided upon request. For some experiments 
eGFP was used as a reporter, for which the luciferase gene was replaced 
by eGFP using a HinDIII and BamHI cloning strategy.

Retroviral gene transduction of CARs into human T cells

	 Primary human T cells were retrovirally transduced according to a 
protocol optimized and reported previously,[14] with the exception that 
transiently transected packaging cells instead of a stably transduced 
packaging clone were used as a source of virus particles. In short, 24 
well culture plates were coated with RetroNectin and pre-treated with 
CAR positive and MLV-enveloped retroviral particles, derived from a 1:1 
mixture of transfected 293T and Phoenix cells. Next, 106 primary human 
T cells per well were centrifuged in fresh retrovirus containing and IL-2 
supplemented supernatant, and cultured for 4–5 hours at 37 °C / 5% 
CO2. Cells were allowed to recover in culture medium overnight prior 
to a second transduction cycle, after which cells were harvested and 
transferred to T25 culture flasks. For Jurkat T cells, the same protocol 
was followed except that retroviruses were VSV-enveloped and that IL-2 
was omitted during T cell transduction and recovery. After sufficient 
numbers were obtained, cells were analyzed for receptor expression by 
flow cytometry and used in the NFAT reporter gene assay.

Flow cytometry

	 Transduced primary human T cells and Jurkat T cells were 
analyzed for transgene expression by flow cytometry using either 
the anti-idiotypic NUH-82 mAb or PE-conjugated anti-V5 mAb for the 
detection of the CAIX CAR and PSMA CAR 3D8 receptor, respectively. 
For immune staining, 0.25–0.5×106 transduced T cells were incubated 
with the primary mAbs on ice for 30 minutes (in the case of the NUH-82 
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mAb this was followed by a wash step and incubation with a secondary 
GaMPE mAb), washed, fixed with 1% paraformaldehyde and analyzed on 
a flow cytometer (BD Biosciences). Primary human T cells, but not Jurkat 
T cells, were subsequently enriched for receptor positive cells via the 
NUH-82 mAb and anti-PE MACS MicroBeads (Miltenyi Biotec, Bergisch 
Gladbach, Germany) according to the manufacturers’ instructions. 
Primary human T cells were regularly monitored for expression levels 
of CD4, CD8, CD16, CD56 and TCRγδ (all mAbs from BD Biosciences).

NFAT reporter gene assay

For the reporter gene assay, transfection conditions, concentration 
of NFAT reporter DNA, % of serum during post-transfection T cell 
recovery and number of NFAT-REs were optimized (see Table 1 for a 
summary of the optimization conditions). The optimal protocol is as 
follows. Exponentially growing Jurkat T cells (set at 1×106 cells/ml) were 
grown overnight, nucleofected the next day with both NFAT-6-Luc (2.5 
μg) and the CAR of interest (2.5 μg) using program C16 (according to 
the manufacturer’s protocol, AMAXA Inc., Gaithersburg, US), allowed 
to recover in medium containing 10% BCS and subsequently used in T 
cell stimulation experiments. Five hours post-nucleofection, Jurkat T 
cells were transferred to round-bottom 96-well plates (Costar, Corning, 
NY) at 2×105 cells/well and were stimulated overnight with either 
freshly recovered patient tissue (100 μl of prepared cell suspension 
per well) or target cells (plated at 105 cells/well) in RPMI 1640 medium 
supplemented with 10% BCS at 37 °C and 5% CO2. In addition, Jurkat 
T cells expressing the CAIX CAR were stimulated with the following 
RCC derived tumor target cell lines: SKRC-17 cl.1 and the SKRC-17 
cl.4, whereas PSMA CAR positive Jurkat T cells were stimulated with 
the PC346C, LNCaP and SKRC-17 cl.4. The RCC specificity of NFAT 
activation, in Jurkat T cells expressing CAIX CAR was tested via blocking 
experiments using the CAIX mAb (at 25 μg/ml final) or the NUH-82 mAb 
(at 40 μg/ml final) added at the start of co-cultivation. Stimulations 
with PMA (10 ng/ml) and Ionomycin (1 μM) served as positive controls. 
Following stimulation, Jurkat T cells were lysed with Cell Lysis Buffer 
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Table 1. Optimization of an NFAT reporter gene assay in CAR expressing Jurkat T cells.

A. Transfection conditions

Nucleofection program	 Cellular viability (%)	 eGFP expression (%)

T14			   8		 67

G10			   41		 56

S18			   16		 69

A17			   87		  7

C16			   46		 48

Electroporation a 	 46		 35

B. DNA concentrations

NFAT-6-Luc DNA input (μg)	 Luciferase activity (RLU) following
				    PMA / Ionomycine stimulation

20				    283

10				    457

5				    978

2.5				    531

1.25				    307

C. Serum percentages during recovery

Serum (%) 	 Reporter construct	 SKRC17 cl.4:	 PMA/Ionomycine
			   (5 μg)	 SKRC17 cl.1	 (RLU)

1			   NFAT-6-Luc		 16		 419

10 			   NFAT-6-Luc		 29		 482

1 			   NFAT-4-Luc 		  3		  72

10 			   NFAT-4-Luc 		  4 		 255

(A) Optimal transfection condition was determined following nucleofection (using 5 different 

programs) or electroporation of 5 × 106 Jurkat T cells with 2.5 μg eGFP DNA that were collected in 

10% fetal calf serum containing medium. The expression of eGFP and cellular viability, 24 hours 

post-transfection, was measured by flow cytometry and trypan blue exclusion, respectively. 

See Materials and methods for detailed description of nucleofection conditions.

(B) Optimal DNA concentration was determined using five different DNA concentrations (ranging 

from 1.25 to 20 μg) for the nucleofection of 5×106 CAIX CAR transduced Jurkat T cells that were 

collected in 10% serum containing medium. Luciferase activities (RLU) following stimulation 

with PMA/Ionomycine are indicated.

(C) Optimal serum percentage during T cell recovery was determined with 5×106 CAIX CAR 

transduced Jurkat T cells, nucleofected with 5 μg NFAT-6-Luc reporter construct and collected 

in either 1% or 10% serum-containing medium. Luciferase activities (RLU) following stimulation 

with the CAIX negative cell line SKRC17 cl.1, the CAIX positive cell line SKRC17 cl.4 (expressed 

as SKRC cl.4 (RLU)/SKRC cl.1 (RLU)) and PMA/Ionomycine are indicated.

Shown are (for A to C) representative experiments out of 2 to 3 independent experiments with 

similar results. Optimal conditions per parameter are indicated in bold.
a Electroporation conditions: 300 V, 1920 μF, and 129 Ω.
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(Promega, Madison, WI), and luciferase activities were assessed using 
luminescent substrates according to the manufacturer’s instructions 
(Mediators, Vienna, Austria). Samples were analyzed in a 96 well plate 
luminometer (Mediators), and expressed (in RLU) relative to non-
stimulated conditions (medium only: set to 1.0).

Cytokine production

	 To quantify the production of cytokines by CAR transduced primary 
human T cells after antigen specific stimulation, supernatants were 
collected and analyzed for the levels of IL-2, IL-4, IL-5, IL-10, IFNγ and 
TNFα via Cytokine Bead Array (Th1/Th2 CBA kit; Becton Dickinson 
Biosciences) according to the manufacturer’ s instructions.

Results

CAIX CAR transduced human T cells produce cytokines in response to 
antigen positive RCC patient derived tumor tissue

	 Earlier studies have shown that the CAIX CAR used in the current 
paper (i.e., a CAIX specific CAR:CD4-Fc(ε)RIγ) enables primary human T 
cells to respond to antigen positive target cells in vitro.[29, 30] Moreover, 
this receptor is implemented in an ongoing clinical immune gene therapy 
trial to treat metastatic RCC patients with autologous gene modified   
T cells.[13] Our pre-clinical and clinical experience with the CAIX CAR 
made this receptor an ideal model receptor to analyze primary human 
T cells for their ability to respond to freshly prepared patient derived 
tumor tissue ex vivo. To this end, human T cells were retrovirally 
transduced with CAIX CAR, MACSsorted for CAR receptor expression 
(all T cell cultures were >90% positive for CAR and CD8α), and co-
cultured for 18 hours with freshly prepared RCC patient derived tumor 
tissues or normal renal tissue and analyzed for cytokine production by 
cytokine bead array. CAIX surface expression on the different tissues 
was determined by immune histochemistry (see Materials and Methods 
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for details). The CAIX positive SKRC17 cl.4 and CAIX negative SKRC17 cl.1 
were included as experimental controls.
	 INFγ, IL-4, IL-10 and TNFα responses of CAR transduced T cells towards 
antigen positive renal tumor tissue (n = 7 patients) were significantly 
elevated compared to responses towards antigen negative renal tumor 
as well as histological normal renal tissues from the same patients (n = 3  
and eight patients, respectively, with one patient only providing 
histological normal tissue) (all p < 0.001) (Fig. 1). Production of INFγ, IL-4 
and TNFα but not IL-10 was also elevated in response to the SKRC17 cl.4  
(n = 9 experiments) versus cl.1 (n = 7 experiments) (p < 0.001). The 
observed IL-2 responses towards SKRC17 cl.4 were slightly but still 
significantly higher compared to responses toward SKRC17 cl.1 (p < 0.05),  
whereas no significant differences could be observed for IL-2 between 
CAIX positive and negative tissues derived from RCC patients (p < 0.1) 
(data not shown). Notably, IL-5 responses towards all targets were 
high and provided no discriminative value between CAIX positive or 
negative targets (data not shown).

T cell NFAT activation as a sensitive and donor independent measure of 
antigen expression

	 Having demonstrated the ability of primary human T cells to 
respond in an antigen dependent manner towards tumor tissue ex vivo, 
we further developed a more uniform and donor independent assay to 
test T cell responses towards patient derived tumor tissue. To this end, 
we have optimized an NFAT reporter assay, that we have described 
earlier,[25] which is based on CAR expressing Jurkat T cells. The initial 
assay relied on retroviral transduction of Jurkat T cells to express an 
antigen specific receptor and electroporation with a luciferase reporter 
construct based on 4 NFAT response elements (RE), a minimal promotor 
derived from the IL-2 gene and the firefly luciferase gene. To enhance 
sensitivity and robustness of this T cells assay, transfection procedure, 
number of NFAT response elements (REs), reporter DNA concentration, 
and percentage of serum during T cell recovery after transfection have 
all been optimized (Table 1).
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Figure 1. Cytokine responses of CAIX CAR transduced human T cells towards patient derived 

tumor tissue. Peripheral human T cells were retrovirally transduced with CAIX CAR and selected 

for CAR receptor expression (> 90% CAR positive T cells). Transduced T cells were co-cultured 

with freshly prepared renal tumor tissue for 18 hours and analyzed for cytokine production by 

cytokine bead array. 

INFγ (A), IL-4 (B), IL-10 (C) and TNFα (D) production by CAR T cells in response towards CAIX 

positive or CAIX negative renal tumor material or histological normal CAIX negative renal tissue 

are depicted in box-and-whisker plots. 

The central boxes represent the lower to upper quartiles (25 to 75 percentile), the middle lines 

represent media, and the vertical lines range from the minimum to maximum values. The target 

cell lines CAIX negative SKRC17 cl.1 and CAIX positive SKRC17 cl.4 were used as controls. 

N-values indicate the number of patients (in case of tissues) or experiments (in case of cell lines). 

Asterisks indicate p < 0.001 compared to either CAIX negative tumor tissue or histological normal 

renal tissue in case of tumor materials or CAIX-negative SKRC17cl.1 in case of target cell lines.
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	 Using an eGFP expression plasmid, five different nucleofection 
programs were compared to a routinely used electroporation protocol 
for Jurkat T cells. The lowest cellular viability yet the highest eGFP 
expression was observed following nucleofection with program S18 (8 
and 69%, respectively) and T14 (16 and 67%, respectively). Improved 
cellular viabilities were observed after nucleofection with programs A17, 
G10, C16 as well as after electroporation. Nucleofection with program 
A17, however, lead to only 7% eGFP positive cells. Nucleofection with 
programs G10 or C16 or electroporation did neither result in different 
cellular viabilities (41, 46 and 46%, respectively) nor eGFP expression 
levels (56, 48 and 35%, respectively). It was decided to continue 
further optimization of the NFAT reporter assay with Jurkat T cells in 
combination with nucleofection program C16 (see Table 1A).
	 Next, we assessed the optimal DNA concentration and the 
percentage of serum during T cell recovery using the NFATLuciferase 
reporter construct having 6 NFAT-REs (i.e., NFAT-6-Luc). The input 
of reporter DNA ranged from 1.25 to 20 μg, and the highest PMA/
Ionomycin induced luciferase activity was observed when the CAIX CAR 
transduced Jurkat T cells were nucleofected with 5 μg NFAT-6-Luc DNA 
(Table 1 B). Recovery of CAIX CAR transduced Jurkat T cells following 
nucleofection with NFAT reporter constructs’ containing 4 or 6 REs was 
tested in either 1 or 10% serum containing medium. PMA/Ionomycine 
evoked stronger NFAT activation after recovery in 10% compared to 1% 
serum containing medium. Moreover, antigen specific response ratios 
(CAIX positive SKRC17 cl.4 (RLU)/CAIX negative SKRC17 cl.1 (RLU)) 
were up to 2-fold lower after recovery in 1% compared to 10% serum 
containing medium (Table 1 C). Furthermore, responses from the NFAT-
6-Luc reporter were 2–7 times higher than those from the NFAT-4-Luc 
reporter tested under similar conditions (Table 1 C). In more detail, the 
observed luciferase response ratios of the CAIX CAR transduced Jurkat 
T cells recovered in 1% serum containing medium were about 5-fold 
higher when using NFAT-6-Luc versus NFAT-4-Luc reporter constructs. 
When recovered in 10% serum containing medium, the antigen specific 
response ratios were further increased to 7-fold in favor of the NFAT-6-
Luc reporter constructs.
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	 In short, the most optimal and antigen induced NFAT activation was 
obtained after C16 nucleofection of Jurkat T cells with 5 μg of NFAT-
6-Luc reporter DNA followed by recovery in 10% serum containing 
medium. It is noteworthy that RLU values were found to be qualitatively 
similar but quantitatively enhanced when non-transduced Jurkat T 
cells were nucleofected with both CAR retroviral and NFAT reporter 
DNAs together (not shown). A schematic overview of the presented 
NFAT activation assay to test activation of redirected T cells towards 
patient’s tumor material is depicted in Figure 2.

Figure 2. Schematic overview of the presented NFAT activation assay to test CAR-redirected T 

cells towards patient’s tumor material. Exponentially growing Jurkat T cells were nucleofected 

and allowed to recover in serum containing medium. Five hours post-nucleofection, T cells were 

transferred into a 96-well plate and stimulated overnight with either freshly recovered patient 

tissue or target cell lines in the presence or absence of receptor or antigen blocking mAbs. After 

overnight stimulation, cell lysates were collected, luciferin ATP was added and luciferase activity 

was directly detected by a luminometer. Optimization of this assay is summarized in Table 1.  

For more details see Material and methods.
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NFAT response of CAIX CAR Jurkat T cells in response to freshly 
prepared CAIX positive tumor tissue

Next, we applied the optimized NFAT assay to functionally assess CAIX 
antigen expression on RCC patient derived tumor tissue. T cells were 
nucleofected with both CAIX CAR and NFAT-6-Luc DNAs and co-cultured 
with freshly prepared patient renal tumor tissue. In a control setting, 
the nucleofected Jurkat T cells were co-cultured with cell lines, and co-
culture with the SKRC17 cl.4 resulted in a significantly increased luciferase 
response when compared to the SKRC17 cl.1 (n = 10, p < 0.001) (Fig. 3).  

Figure 3. CAIX CAR transduced Jurkat T cells show an antigen specific NFAT response towards 

patient derived tumor tissue. 

(A) Jurkat T cells were nucleofected with both CAIX CAR and NFAT-6-Luc constructs, cultured 

with freshly prepared tumor tissue for 18 hours and analyzed for luciferase activity. Luciferase 

responses upon CAIX positive or CAIX negative renal tumor material or histological normal CAIX 

negative renal tissue are depicted in box-and-whisker plots (as described in legend to Fig. 1).  

The target cell lines SKRC17 cl.1 and SKRC17 cl.4 were used as controls. N-values indicate the 

number of patients. Asterisks indicate p < 0.05 compared to either CAIX negative tumor or 

histological normal renal tissue in case of tumor materials or CAIX negative SKRC17cl.1 in case 

of target cell lines. 

(B) Jurkat T cells were dual nucleofected with CAIX CAR and NFAT-6-Luc constructs and cultured 

for 18 hours with freshly prepared tumor tissue either in the absence or presence of anti-CAIX 

mAb, anti-idiotypic CAR mAb (NUH-82 mAb) or control IgG. Luciferase activities were measured 

and percentages of inhibition were calculated relative to non-inhibited activities and are depicted 

in box plots. The target cell line SKRC17 cl.4 was used as a control. N-values indicate the number 

of experiments. Asterisks indicate p < 0.05 compared to inhibition with control IgG.
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Luciferase responses observed following stimulations with CAIX 
positive renal tumor tissue (n = 8 patients) were significantly higher 
compared to CAIX negative tumor tissue as well as histological normal 
CAIX negative renal tissues from the same patients (n = 2 and 9 patients, 
respectively with one patient only providing histological normal tissue) 
(p < 0.05) (Fig. 3 A). Receptor and antigen dependency of these responses 
were confirmed by antibody blocking of either the CAIX CAR or the CAIX 
target antigen (Fig. 3 B). Both anti-CAR and anti-CAIX mAbs resulted in  
> 80 and 60% blocking of T cell responses towards patient derived 
tissue and the SKRC17 cl.4, respectively, whereas blocking with the 
control IgG resulted in only 10 to 15% inhibition.

NFAT response of PSMA CAR Jurkat T cells in response to freshly 
prepared prostate tumor tissue

	 Following optimization and application of the NFAT-based assay 
using the CAIX CAR as a model receptor, we validated this assay 
for two independent prostate tumor- specific CARs. The 3D8[18] 
and J591[17, 21] anti-PSMA antibodies were used to construct CARs 
coupled to the signaling portion of the CD3ζ and to subsequently 
gene modify Jurkat T cells. The PSMA CARs and the NFAT-6-Luc  
reporter constructs were nucleofected into the Jurkat T cell line and 
NFAT activations in response to tumor tissues and target cells were 
analyzed. The 3D8 PSMA CAR receptor (Fig. 4 A) mediated a significantly 
enhanced NFAT response towards prostate tumor tissues as well as 
the PSMA positive cell lines LNCaP and PC346C, whereas no response 
could be observed towards the PSMA negative cell line SKRC17 cl.4 (all 
p < 0.05). Also, responses mediated by the J591 PSMA CAR receptor 
(Fig. 4 B) were significantly higher towards patient derived prostate 
tumor tissue and cell lines when compared to the PSMA negative cell 
line (all p < 0.05).
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4. Discussion

	 We introduced an assay to measure functional antigen expression 
on patient derived tumor tissue using T cells gene modified with a 
therapeutic CAR receptor of interest. First, we report the ability of primary 
human T cells transduced with a CAIX CAR, currently implemented in 
a clinical trial to treat RCC patients, to respond towards CAIX positive 
but not CAIX negative tumor tissue by increased production of IFNγ, 
TNFα, IL-10 and IL-4. Next, we set-up a donor independent and sensitive 
NFAT reporter gene assay to measure functional CAIX CAR mediated  T 
cell responses towards patient derived renal tumor tissues. Following 
optimization and confirmation of receptor and antigen dependency 
of the responses, the assay was validated for two independent PSMA 
CARs, which evoked antigen dependent responses upon exposure to 
PSMA expressing patient derived tumor tissues.

Figure 4. PSMA CAR transduced Jurkat T cells show an antigen specific NFAT response towards 

patient derived prostate tumor tissue. Jurkat T cells were dual nucleofected with reporter 

construct NFAT-6-Luc and the PSMA specific 3D8 (A) or J591 CARs (B). The nucleofected Jurkat 

T cells were cultured for 18 hours either with freshly prepared prostate tissue (PSMA positive), 

PSMA positive cell lines (LNCaP, PC346C) or a PSMA negative cell line (SKRC17 cl.4). Luciferase 

activities in response to prepared tissues or cell lines were analyzed and depicted in box-and-

whisker plots (as described in legend to Fig. 1). N-Values indicate the number of patients (in 

case of tissues) or experiments (in case of cell lines). Asterisks indicate p < 0.05 compared to the 

PSMA negative SKRC17 cl.4.
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	 The earlier described CAIX CAR[29, 30] was used for the retroviral 
transduction of primary human T cells, which were MACSorted for 
CAR expression, co-cultured with CAIX positive or CAIX negative 
patient derived tissues or control cell lines and analyzed for cytokine 
expression. Significantly elevated production of IFNγ (having the highest 
values of all cytokines tested), IL-4, IL-10, TNFα but not IL-2 or IL-5 was 
observed towards CAIX positive targets compared to CAIX negative 
targets (Fig. 1). Our findings of no or low antigen specific production 
of IL-2 extended previous results using the CAIX CAR[15] and has been 
anticipated since co-stimulatory domains such as CD28, lacking from 
the tested CAIX CAR, have been reported to be required for efficient 
IL-2 production by CAR transduced T cells.[8] The IL-5 concentrations 
in culture supernatants were very high towards CAIX positive but also 
towards CAIX negative tissues and cell lines. The high basal levels 
prevent IL-5 to be used as a cytokine that discriminates between antigen 
positive and negative tissues and cells. Interestingly, the observed ex 
vivo cytokine levels extend previously reported plasma cytokine levels 
in patients upon treatment with CAIX CAR autologous T cells. In the 
latter study, IFNγ plasma levels were found to be increased only in a 
patient with prominent liver toxicity (as a measure of  T cell reactivity), 
whereas IL-5 plasma levels increased transiently during T cell treatment 
in all patients possibly as a consequence of IL-2 co-administration.[15]

	 In order to potentially facilitate selection of patients for antigen 
specific T cell therapy, we set-up an NFAT-driven Jurkat T cell assay 
having the advantages of donor independency, sensitivity and easy 
to handle (Fig. 2). We observed that NFAT activation of CAIX CAR 
transduced Jurkat T cells, when nucleofected with 5 μg NFAT-6-
Luc reporter DNA and recovered in high serum (optimizations are 
summarized in Tables 1 A to C), provided a sensitive T cell assay 
towards freshly prepared tumor tissue, which extended our previous 
report on an NFAT assay that functionally validated antigen specific 
receptor transgenes against tumor cell lines.[25] Introduction of genes 
in relation with cellular viability was analyzed using eGFP as a reporter 
gene. In our experiments, nucleofection resulted in higher gene transfer 
efficiencies when compared to electroporation, which is most likely a 
consequence of improved nuclear localization of the transgene upon 
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nucleofection. The type of nucleofection program and the amount of 
DNA per nucleofection were specifically optimized for the Jurkat T cells 
as these parameters were found to be different for various T cell lines 
(data not shown). More generally, we have observed that this T cell assay 
benefits best from a high serum percentage used during cell recovery 
post-transfection. Expectedly, and in extension to a report on human T 
cells retrovirally transduced with a GFP reporter gene under the control 
of varying numbers of NFAT-REs,[9] we observed that responses using 
the NFAT-6-Luc reporter were increased when compared to those using 
NFAT-4-Luc reporter. Of note is our observation that a NFAT-6-eGFP 
reporter construct resulted in weaker and less robust signals in our 
Jurkat T cell assay when compared to a NFAT-6-Luc reporter construct 
(data not shown). Lastly, and in an effort to further improve the ‘ease 
of handling’ and making the assay less time consuming, we tested 
Jurkat T cells nucleofected with both the CAR and reporter construct 
versus CAR transduced Jurkat T cells nucleofected with the NFAT-
6-Luc reporter construct only (the latter Jurkat T cells were used for 
optimization purposes) and observed that dual nucleofected Jurkat T 
cells yield qualitatively similar but quantitatively increased reporter 
signals (data not shown).
	 After having determined optimal conditions for various parameters, 
we have put the assay to the test and nucleofected both the CAIX CAR 
and NFAT-6-Luc DNAs into Jurkat T cells, and challenged these T cells 
with tumor and histological normal control tissues from the same 
patients as well as cell lines. We found significantly elevated CAIX 
specific luciferase responses towards antigen positive tumors and 
cell lines that could be blocked by antibodies directed either to CAIX 
CAR or the CAIX target antigen (Fig. 3). It is of note that the observed 
NFAT responses were in concordance with the immune histochemical 
detection of CAIX using the M75 mAb, which was used to distinguish 
CAIX positive from CAIX negative renal (tumor) tissues. Validated mAbs 
for immune histochemical detection of a target antigen of interest may 
not always be available, or may not detect epitopes that trigger a T cell 
response, in which case one can rely on the described  T cell activation 
assay.
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	 Finally, we have applied the NFAT assay to the prostate-specific CARs: 
3D8[18] and J591.[5] Both CARs mediated NFAT activation upon co-culture 
with PSMA positive tumor tissue or cell lines, whereas no response was 
observed toward PSMA negative targets (Fig. 4). Unexpectedly, and in 
contrast to the CAIX CAR, PSMA specific cytokine responses towards 
tumors or cell lines could not be observed using CAR transduced primary 
human T cells. Also, no cytotoxicity using chromium release assays was 
observed when testing PSMA CAR primary human T cells towards PSMA 
positive cell lines (data not shown). These findings are in contrast with 
an earlier reported recognition of PSMA expressing tumor cells by 3D8 
PSMA CAR transduced primary human T cells.[18] This study reported T 
cell activation and target cell lysis after 48 hours incubation with PSMA 
positive tumor cell lines. Despite discrepancies in responses of CAR 
transduced primary  T cells, possibly related to the use of different readouts 
(with chromium release of target cells at 4 hours anticipated to be less 
sensitive than target cell viability at 48 hours post T cell incubation), we 
observed a clear PSMA CAR mediated NFAT response in Jurkat T cells 
after overnight incubation. Our data suggest that the NFAT assay in Jurkat 
T cells represents a more sensitive readout when compared to assays that 
measure cytotoxicity and cytokine production in primary T cells. In fact, 
we have experimentally confirmed that the sensitivity of the described 
NFAT activation assay in Jurkat  T cells is higher when compared to that of 
the IFNγ production assay in primary  T cells (Suppl. Fig. 1).
	 The presented NFAT assay of CAR  T cells encompasses the following 
advantages: sensitivity, donor independency, ease of handling and 
versatility. With respect to versatility, the NFAT assay detects antigen in 
tumor cell preparations with less than 106 cells (Suppl. Table 1), which 
would extend the assay’s application from punch biopsies to fine needle 
biopsies. This may further facilitate the implementation of the NFAT 
assay not only to test the presence of functional antigen expression on 
tumor tissue, but also its absence on non-tumor tissue. The testing of 
non-tumor tissue for its inability to stimulate T cell activationmay be of 
relevance to assess the safety of T cell therapy protocols.[13, 22] Since the 
two tumor antigens we have selected in this study, i.e., CAIX and PSMA, 
show a relatively high expression level, the proposed assay may still 
need further validation to truly identify healthy and/or tumor tissue not 
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expressing the antigen of interest. In conclusion, we anticipate that those 
patients whose tumor tissue expresses the target antigen in sufficient 
amounts and in a configuration compatible to CAR recognition, and do 
not possess inherent  T cell activation defects, are anticipated to benefit 
from the proposed pre-screening for CAR T cell therapy.

Supplementary Figure 1. Antigen specific T cell activation mediated by CAIX CAR: NFAT activation 

in Jurkat T cells provides a more sensitive readout than IFNg production in primary T cells.

CAIX CAR T cells were validated for both NFAT activation and IFNg production towards titrated 

numbers of CAIX positive target cells (SKRC17 cl.4) in the presence of CAIX negative target cells 

(SKRC17 cl.1). In all assays the E:T ratio was 2:1, and total number of target cells was set to 105/

well. The following 5 ratios of CAIX positive and negative target cells were used (cl.4/cl.1): 0/1 

(105 cl.1); 1/3 (2.5x104 cl.4 and 7.5x104 cl.1); 1/1 (5.0x104 cl.4 and 5.0x104 cl.1); 3/1 (7.5x104 cl.4 and 

2.5x104 cl.1); 1/0 (105 cl.4). Jurkat T cells were nucleofected with both CAIX CAR and NFAT-Luc 

constructs, co-cultured with target cells for 18 hours and analyzed for luciferase activity. The 

NFAT-Luc construct was derived from the pGLuc Basic construct (NE Biolabs, Ipswich, MA, US) 

by introducing 6x NFAT-REs plus a minimal IL-2 promotor via EcoRI and HinDIII, which was 

derived by PCR from the NFAT-6-Luc construct (the latter being described in the Materials and 

Methods section). Luciferase activities were assessed using the Gaussia Luciferase Assay Kit 

(NE Biolabs). Primary T cells were retrovirally transduced with CAIX CAR, MACSorted to > 90% 

CAR positive T cells, co-cultured with target cells for 18 hours and supernatants analysed by 

IFNg  ELISA. See Materials and Methods section for additional details. Data are presented as 

mean ± SEM (n = 3 independent experiments).
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Chapter 7 – General Discussion

	 Prostate cancer is primarily a disease of elderly males, and an 
increase in prostate cancer incidence and the absolute number of men 
diagnosed in the coming years can be expected, since the population 
aged 60 and over increases. Curative treatment is only possible for early 
stage (localized) prostate cancer. In the case of metastasized prostate 
cancer treatment options are limited and mainly focused on extension 
of life and relief of symptoms (palliative treatment). Prostate cancer 
treatments mainly depend on the stage of the disease, the Gleason 
score and the pre-treatment PSA serum level. Other important factors 
are age, general health, and patients’ views on potential treatments 
with their various side effects. Because all therapies can have significant 
side-effects, treatment discussions often focus on balancing the goals 
of therapy and the risks on e.g. urinary, bowel and erectile dysfunction. 
New treatment options are emerging that have the aim of being more 
effective with less side effects. One of these options is immunotherapy. 
Because prostate cancer is a slow progressing disease, opportunities 
are provided for immunotherapeutic options to mount a potent anti-
tumor response. Vaccination, boosting of the immune system or 
infusion of modified immune cells (e.g. Sipuleucel-T) might offer new 
therapeutic options, especially for metastatic prostate cancer patients 
and for active surveillance patients. 
	 The research presented in this thesis addresses the additional 
anti-tumor effect of cytokine expression by whole cell vaccines during 
a vaccination strategy. The RM-9 cell line of the MPR model was 
retrovirally transduced to express mIL-2, mIL-4, mIL-7, mGM-CSF or 
mCD40L and irradiated to serve as a vaccine.  After vaccination, an RM-9 
cell challenge was injected, tumor growth was measured in time, and 
the anti-tumor effects were determined. The most prolonged survival 
was observed in mice vaccinated with RM-9/mIL-7. To gain insight into 
leukocyte subsets involved, RM-9/mIL-7 vaccinated mice were depleted 
of CD3, CD4, CD8 or NK1.1 expressing cells via intraperitoneal injections 
with depleting antibodies. Again mice were injected with RM-9 cells, 
and tumor formation was monitored over time.
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	 Additionally, the expression levels of IL-7, IL-7R and TGFb1 in patient 
derived prostate tumor tissue were examined.  Together with the Gleason 
score and pre-treatment PSA levels a prediction model was generated to 
indicate those at risk for poor prostate cancer survival. The additional 
information on the aggressiveness of the diagnosed prostate cancer 
could be of interest to patients screened for prostate cancer and the 
considered therapy.
	 In view of patient selection for adoptive T cell therapy, a functional 
T cell activation assay was developed to identify patients for adoptive 
T cell therapy. For the development of the functional T cell assay, T 
lymphocytes were retrovirally transduced to express a CAIX receptor 
or PSMA receptor and an NFAT-based reporter gene in order to detect 
CAIX expression on renal cell carcinoma or PSMA expression on 
prostate cancer tissue, respectively. Moreover, NFAT mediated T cell 
activation upon exposure to patient derived tissue could be measured 
via reporter gene expression, which is of additional value with regard to 
antigen detection via immune histochemistry. Therefore, it is expected 
that a functional T cell activation assay better facilitates prospective 
selection of patients for clinical adoptive T cell therapy. 

7.0	 MPR model

	 For the vaccination study presented in this thesis the RM-9 cell line 
of the MPR model was used. This cell line is less aggressive than the 
RM-1 and RM-2 cell lines. The RM-9 cell line was originally selected 
from embryonic urogenital sinus cells of p53 knockout C57Bl/6 mice 
after ras and myc transduction.[1-3] The cell line can be grafted in fully 
immune competent C57Bl/6 mouse and develop into a tumor. Although 
the RM-9 cell line is not similar to prostate tissue, its origin and 
characteristics resemble those of prostate tissue. Besides the ras, myc 
and p53 associated tumor characteristics, alterations in gene expression 
associated with tumor progression were also reported. In both human 
prostate cancer and the MPR model, an increase in TGFb1 expression has 
been reported related to prostate cancer progression,[1, 4, 5] as well as the 
occurrence of androgen (in)dependency in human prostate cancer. The 
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RM cell lines progress from androgen sensitivity in early cell passage to 
androgen independency in late cell passages.[6] When the RM cell lines 
were injected into the tail vein of mice, tumor development associated 
with the formation of metastases was observed. The development 
depended on the susceptibility of the mouse strain, which is most 
likely a consequence of the genetic background of the tumor cells 
and the immunological tolerance of the host.[7, 8] The inhibition of the 
establishment of metastasis in the MPR model, along with suppression 
of local tumor growth and enhanced survival, was reported in a study 
on the effect of a gene- and immunotherapy approach. The tumor 
growth inhibition was established via delivery of the HSV-thymidine 
kinase gene by a replication deficient adenovirus. Upon ganciclovir 
administration, the viral thymidine kinase converts the ganciclovir by 
phosphorylation into a guanosine analogue, a component of DNA. 
Incorporation of the ganciclovir-based guanosine analogue into the 
DNA, results in termination of DNA elongation and cell death.[9, 10] Just 
like other mouse models for prostate cancer research, the MPR model 
and its derivate cell lines do not mimic all aspects of human prostate 
cancer, yet it is another model that facilitates the examination of new 
immune therapeutic modalities for prostate cancer. 

7.1	 Additional anti-tumor effect of cytokine expression during vaccination 
	 therapy 

	 To study the additional effect of local cytokine production during 
whole cell vaccination, the RM-9 cell line was retrovirally transduced 
resulting in five sublines that express mIL-2, mIL-4, mIL-7, mGM-CSF or 
mCD40L. Vaccination of immune competent C57Bl/6 mice with the RM-9/
mGM-CSF or RM-9/mIL-7 cell lines demonstrated to be most effective 
against the subcutaneously administered RM-9 cells (chapter 3 and 4). 
Additional protection was more evident after a subcutaneous than after 
an orthotopic tumor challenge. When the RM-9/mGM-CSF cell line was 
used as orthotopic tumor challenge, the additional RM-9/mIL-7 vaccination 
effect was restored. The intraprostatic expression of mGM-CSF resulted 
in a prolonged survival compared to a challenge with RM-9 cells only. 
The developed orthotopic tumors showed an increase of CD11b+ cells 
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that was related to GM-CSF expression. The additional vaccination effect 
of mIL-7 and mGM-CSF in relation to RM-9 tumor survival was observed 
despite the suggested inhibition of RM-9 cells on T lymphocytes, its 
highly aggressive growth and therefore limited therapeutic window. 
Therefore, the additional mIL-7 and mGM-CSF vaccination effects against 
the administered RM-9 cells are considered to be very strong. Because 
human prostate cancer is a slowly progressing disease, it provides an 
opportunity with regard to anti-prostate cancer vaccination. 
	 To gain insight into the additional immunological vaccination effect 
of the RM-9/mIL-7 vaccine, vaccinated mice were depleted for CD3+, 
CD4+, CD8+ or NK1.1+ cells via intraperitoneal injections with depleting 
antibodies. These depletions showed that the additional vaccination effect 
was merely related to NK1.1 expressing cells instead of T lymphocytes, 
which was described before for RM-1 cells.[11] The marginal effect of T 
lymphocytes, after RM-9 challenge administration, could be explained 
by the data obtained from ELISA and ELISPOT assays. These suggested 
that RM-9 cells are able to inhibit IFNg expression, which is important 
for T lymphocytes in the development of antigen dependent immunity. 
Depletion of the NK1.1 population resulted in almost the same survival 
times as the non-vaccinated mice, while depletion of CD3+, CD4+ or CD8+ 
cells showed reduced survival period compared to the non-depleted 
RM-9/mIL-7 vaccinated mice. Therefore it was concluded that in the 
MPR model, the anti-tumor response upon RM-9/mIL-7 vaccination was 
mainly related to NK1.1+ cells, and therefore pre-dominantly the innate 
immune response, and to a lesser extent the adaptive lymphocyte 
response. If the role of NK1.1 expressing cells is as important as observed, 
immunotherapeutic approaches should not only focus on the adaptive 
but should also stimulate the innate immune response. To stimulate 
both adaptive and innate immunity a combination of cytokines produced 
by a whole cell vaccine might increase the efficacy of the vaccine. The 
combination of both the RM-9/mIL-7 and RM-9/mGM-CSF vaccines, to 
support adaptive immunity and innate immunity respectively, might 
increase the anti-prostate tumor immune response. For melanoma the 
effect of GM-CSF secreting tumor cell immunotherapy in combination 
with rhIL-7 was studied. The combination prolonged the survival of 
the tumor-bearing mice, increased the number of activated DCs and 
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T cells in lymphoid tissues and an increased number of T cells in the 
micro environment of the tumor compared to monotherapy alone.[12] 
Another strategy might be the improvement of the cross talk between 
both immunological arms via direct or indirect activation of NK cells. 
The infusion of ex vivo expanded and activated NK cells have shown an 
improved clinical response in patients with RCC, malignant glioma and 
breast cancer, without any obvious adverse effects.[13-15] However, no 
consistent efficacy of NK cell therapy was detected.[16, 17] NK cell lines 
engineered to express CAR targeting antigens such as CD19, CD20 and 
Her2/neu did show activation and cytotoxicity in vitro.[18-20] NK cells have 
also been modified to express cytokines, like IL-15 that plays a role in both 
innate and adaptive immunity, which increased cytotoxicity of NK cells in 
vitro.[21-24] These engineered NK cells might further improve both innate 
and adaptive anti-tumor immunity in vivo, and therefore their potential 
clinical use.
	 Nevertheless, the observed immunological benefit of IL-7 against 
the RM-9 tumor challenge should be interpreted as a proof of principle. 
Validation in larger groups of C57Bl/6 mice and the effect on an 
orthotopically challenge should be performed. Furthermore, controls for 
tumor-take and the vaccination effect of parental RM-9 cells could be 
added as control groups in the depletion study, which were absent in the 
described depletion study. Besides the extra control groups, extra mice 
per group could facilitate systemic immune response monitoring during 
vaccination and tumor growth. The additional mice per group provides for 
additional blood collection time points, which reduces the time between the 
blood collection intervals. Also, RM-9/mIL-7 vaccinated mice that remain 
tumor-free after RM-9 challenge administration could be rechallenged, 
to determine whether these mice have built up immunological memory. 
Moreover, in the current study design combinations of the RM-9- 
based vaccines were not examined. Combining vaccines like RM-9/mIL-7 
and RM-9/mGM-CSF might further improve the anti-tumor effect, since 
IL-7 is expected to stimulate lymphocytes while GM-CSF stimulates 
APCs. Besides adjustments of the current study design, the possible 
value of IL-7 against human prostate cancer should also be evaluated 
using other models. The mice of the conditional Pten knockout model[25] 
could be vaccinated with RM-9/mIL-7 to determine the vaccination effect 
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in a model that develop prostate cancer in a more human manner. 
Because the lesions and tumor development develop gradually in these 
mice there is a time window to develop a potent immune response 
via vaccination. The effect of a prophylactic vaccination can be studied 
with regard to the development of PIN lesions, while the effect of a 
therapeutic vaccine can be examined on existing PIN lesions or tumors. 
Furthermore, the serum of immune competent vaccinated mice, 
containing tumor derived antigens, could be administered to immune 
deficient mice carrying prostate cancer xenografts to determine the 
immunotherapeutic effect on human tumor tissue.[26] Overall, the Pten 
knockout model seems a promising model to study the effect of anti-
prostate cancer vaccination.
	 Other interleukins and their effect against prostate cancer, with or 
without an additional treatment, which are currently studied in clinical 
trials registered at http://clinicaltrials.gov are IL-2 and IL-12. IL-2 is mainly 
produced by T lymphocytes and stimulates the activation of monocytes, 
as well as the proliferation and differentiation of T and B lymphocytes. 
It is expected that the additional expression or administration of IL-2 
stimulates the immune system, which is commonly suppressed in 
cancer patients and even more after irradiation and chemotherapy 
treatment. IL-12 is mainly studied in gene therapeutic trials. Via 
injection of an IL-12 producing virus into the prostate gland it was 
explored whether stimulation of IFNg production by T lymphocytes 
and NK cells stimulates activation and differentiation of T helper cells. 
This stimulation is expected to raise an immune response against 
prostate proteins resulting in stable disease or shrinkage of the tumor. 
Additionally, a GM-CSF expressing cell based vaccine against prostate 
cancer (GVAX) is currently clinically tested.[27] The vaccine is composed 
of prostate cell lines, PC-3 and LNCaP, that were genetically modified 
to secrete GM-CSF. The advantage of such a cell-based vaccine is the 
presentation of a large number of possibly prostate cancer related 
antigens simultaneously, while attracting the APCs to the vaccination 
site by the GM-CSF secretion. Although the first trials were terminated 
because of an unexpected increase of deaths, nine GVAX clinical trials 
against prostate cancer are registered at this moment at the website 
ClinicalTrials.gov. 
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	 Treatment with a combination of IL-7 and e.g. GM-CSF was carried 
out in 2001 in patients with metastatic colon carcinoma, renal cell 
carcinoma, or malignant melanoma.[28] In this study, ten patients with 
progressive disease were vaccinated with autologous tumor cells 
that were genetically modified to overexpress IL-7 and GM-CSF . This 
resulted in one complete tumor remission, one partial remission and 
one partial response with progression of abdominal metastases and 
regression of lung metastases. Two patients showed stable disease, 
while five patients remained progressive. This observation showed 
that expression of GM-CSF in combination with IL-7 by a tumor cell 
vaccine is able to generate an effective immune response in patients 
with progressive metastatic cancer. Together with the presented 
results in this thesis on IL-7 (and GM-CSF), this might advocate a 
role for IL-7 in combination with GM-CSF expression by cell-based 
vaccinations like GVAX and/or Sipuleucel-T against prostate cancer.[27, 29]  
The expression of GM-CSF in either the GVAX or Sipuleucel-T vaccine 
attempts to stimulate the development of the innate immune system 
to promote presentation of tumor antigens and, indirectly, the more 
specific T lymphocyte response. However, additional direct stimulation 
of the adaptive immune system via IL-7 could promote the anti-tumor 
response. Although the vaccination effect of IL-7 was mainly related to 
NK1.1 cells in the MPR model, it was also observed that the combination 
of a GM-CSF expressing RM-9 tumor together with IL-7 expression 
during vaccination resulted in a more optimal protection against an 
orthotopic tumor.

7.2	 The additional value of IL-7 and TGFb1 in a prediction model for  
	 poor prostate cancer survival

	 A biomarker is a characteristic that is objectively measured and 
evaluated as an indicator of biological processes (normal and pathogenic) 
or pharmacologic responses to a therapeutic intervention (freely 
adapted from FDA). Biomarkers can be diagnostic or prognostic and can 
originate from e.g. blood, tissue or urine. Despite extensive research 
efforts, very few biomarkers of prostate cancer have been successfully  
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implemented and used in clinical practice today. In fact, the only 
objectively measured prostate cancer diagnostic biomarker routinely 
used in prediction models is PSA measured in blood. The detection 
rate of prostate cancer increased upon PSA determination, while the 
Gleason score and clinical stage at the time of diagnosis are important 
factors to predict prognosis and outcome after therapy.[30-33] Biomarkers 
like PCA3, TMPRSS2-ERG and Ki-67 have been suggested as promising 
prognostic markers in prostate cancer, as well as cytokines like TGFb1, 
IL-6 and its receptor IL-6R.[34, 35] 
	 IL-7 expression during vaccination resulted in prolonged survival. 
Furthermore, the loss of epithelial IL-7 is associated with severe 
depletion of prostate associated lymphocytes.[36] Together with the 
suggested antagonistic relation of IL-7 with TGFb[37, 38], increased TGFb 
expression found in metastatic prostate cancer patients[39], and the 
suggested biomarker role for TGFb1[5], this could indicate that IL-7 
might be informative too with regard to prostate cancer progression. 
Therefore, we studied the additional value of mRNA levels of IL-7, 
IL-7R and TGFb1 in prostate cancer tissue on the course of prostate 
cancer progression (chapter 5), which could give an indication of the 
immunological status of the prostate. The presented model, including IL-
7, TGFb1, pre-treatment PSA and the Gleason score, more than doubled 
the predictive value compared to a model with only pre-treatment PSA 
and the Gleason score. 
	 Although the outcomes did indicate that the measured TGFb1 and 
IL-7 expression levels in prostate cancer tissues might be promising 
markers to indicate those patients at risk for poor survival, this study 
included a limited number of patients. Therefore, these results need 
further replication in a large cohort.[40] A summary of our findings is 
depicted in Table 1.
	 The prediction model was based on the mRNA expression levels in 
prostate cancer tissue obtained by a radical prostatectomy. To select 
those prostate cancer patients who are at risk of prostate cancer death, 
expression levels should preferably be obtained before any given 
treatment. Pre-therapy IL-7 and TGFb1 mRNA expression levels measured 
in e.g. biopsy cores or concentrations in serum or urine, should therefore 
be investigated in relation to prostate cancer progression and death.[41]  
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However, determination of IL-7 and TGFb1 in patient serum or urine 
might not reflect the prostatic disease but inflammation or kidney 
related disease. 
	 With regard to the patients who are currently screened and 
diagnosed for prostate cancer, the use of IL-7, in relation to TGFb1, PSA 
and the Gleason score, could be of value. If pre-therapy IL-7 and TGFb1 
is validated and does have the predictive ability in e.g. biopsy cores, 
patients might be considered for surgery instead of active surveillance 
and vice versa. This, however, is purely speculative, and should be 
further investigated. Moreover, the investigation of expression levels 
of other cytokines might provide further insight with regard to the 
immunological status and prostate cancer progression. Also via large 
scale genome characterization studies, which have already provided 
and identified potential new therapeutic targets for glioblastoma, 
lung, colorectal, pancreas and breast cancers, new prostate cancer 
biomarkers could be identified.[42-46] Nevertheless, for prostate cancer it 
is more likely to identify multiple biomarkers, due to the more biological 
heterogeneity of prostate tumors compared to e.g. breast cancer. 
	 Besides the identification of new biomarkers each with their specificity  
and sensitivity, the combination of several known markers might already 
improve the accuracy of prostate cancer diagnosis and the prediction 
of prostate cancer progression. For example, the predictive value of 
prostate cancer antigen 3 (PCA3) has been addressed in clinical studies, 
which led to several publications supporting the usefulness of PCA3 as 
a diagnostic and prognostic biomarker. PCA3 as a diagnostic biomarker 
has a lower sensitivity but a higher specificity for prostate cancer than 
PSA.[47-49] Combining of the PSA and PCA3 markers resulted in a more 
precise prediction of disease,[50, 51] which was also observed when 
combining PCA3 with a-methylacyl coenzyme A racemase (AMACR) 
an enzyme that is overexpressed in prostate cancer tissue.[52] 
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7.3	 Selection of prostate cancer patients for adoptive T cell therapy 

	 Treatment of prostate cancer with gene engineered T cells seems a 
promising strategy. However, if patients are selected based on antigen 
expression by the tumor tissue, only those patients will be treated who 
are anticipated to benefit from the adoptive T cell therapy. Screening of 
patient’s tumor tissue by antibody staining does provide information on 
the presence of the target antigen but not necessarily on the ability of the 
tissue to induce a T cell response. A functional screening assay based on 
the activation of T cells is expected to improve the selection of patients for 
adoptive therapy with modified T cells. It is also expected that safety and 
cost effectiveness of adoptive T cell therapy (ATCT) is increased, since 
only those patients who are expected to benefit from the T cell therapy 
will be treated. To select prostate cancer patients sensitive for ATCT, an 
assay was developed to measure functional antigen recognition by T cells,  
which were gene modified with a scFv receptor of interest (chapter 6).  
A summary of our findings is depicted in Table 2.
	 The prospective donor independent assay was developed, 
optimized and validated using the Jurkat T cells, an NFAT activating 
CAIX CAR, which was used in a clinical trial to treat renal cell carcinoma 

Conclusions I: Vaccination therapy for prostate cancer using the MPR model

Chapter 3	 Vaccination with the RM-9 cell lines able to express mIL-2, mIL-4, mIL-7, mGM-CSF 
	 or CD40L  significantly increases systemic T lymphocyte levels in C57Bl/6 mice.

	 Murine IL-7 expression by an RM-9-based whole cell vaccine results in significantly  
	 prolonged survival after RM-9 cell challenge administration.

	 In the MPR model, the efficacy of vaccine induced tumor protection is more evident 
	 in skin than in the prostate.

	 An immunological attractant like mGM-CSF, expressed by the orthotopic tumor 
	 challenge, restores the vaccination effect of RM-9/mIL-7.

Chapter 4	 Depletion of T cells or NK1.1 cells in RM-9/mIL-7 vaccinated mice decreases host 
	 survival.

	 The immunological protection induced by RM-9/mIL-7 vaccination is merely an 
	 NK1.1 effect.

Chapter 5	 IL-7 and TGFb1 mRNA levels, when incorporated into a prediction model containing 
	 the Gleason score and pre-treatment PSA levels, are promising markers to indicate
	 those patients at risk for poor survival.
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patients, and a reporter gene. The most optimal reporter signal was 
obtained when the Jurkat T cells were nucleofected with both the 
CAIX CAR and the NFAT reporter at the same time. This so-called dual 
nucleofection of the Jurkat T cells improved the ‘ease of handling’, is 
less time consuming, and increased the reporter signal. PSMA CARs 
were used to modify the assay for the selection of prostate cancer 
patients. Additionally, the advantage of the presented assay is that 
it does not require radioactive isotopes, and it is more sensitive and 
faster compared to cytotoxicity assays. This improves the ease of 
handling of the assay. Despite the effort, the eGFP reporter gene did 
not meet the expectations with regard to the obtained signal, while 
the luciferase signal did. However, the eGFP receptor could improve 
the assay since no additional chemicals or equipment are necessary 
to visualize the T cell response. With regard to the Jurkat T cells used 
for the assay, these might not entirely meet the clinical outcome of the 
adoptive T cell therapy in the patient. Jurkat T cells are immortalized 
T cells and therefore might not respond similarly to primary human T 
cells. The use of primary human T cells might therefore improve the 
prediction of ATCT clinical outcome in either allogeneic or autologous 
setting. Additionally, the functional assay detects antigen expression 
in tumor cell preparations with less than 106 cells, which could indicate 
that the assay could be extended from punch biopsies to fine needle 
biopsies. By using biopsy material, patient selection and ATCT could be 
considered before active surveillance or radical prostatectomy.

Conclusions II: Selection of prostate cancer patients

Chapter 6	 A sensitive and donor independent, easy to handle NFAT-driven assay was developed 
	 and validated to select patients for adoptive T cell therapy.

	 Primary human CAIX CAR transduced T cells have the ability to respond in an 
	 antigen dependent manner towards tumor tissue ex vivo, by the increased 
	 production of IL-4, IL-10, TNFa and IFNg, but not IL-2 or IL-5.

	 Primary human CAIX CAR transduced T cell responses paralleled the NFAT-driven 
	 reporter gene expression in CAIX CAR transduced Jurkat T cells, which was 
	 triggered in a CAR and antigen specific manner.

	 Both PSMA CARs showed NFAT activation upon co-culture with PSMA positive tissue 
	 or cell lines, whereas no response was observed against PSMA negative targets.
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7.4	 Future perspectives

	 The immunotherapeutic options for prostate cancer are, 
unfortunately, still limited but represent an attractive option to treat 
metastasized prostate cancer. However, the possibility of therapeutic 
side effects like flu-like symptoms and toxicity should be kept in 
mind with regard to the patients’ quality of life. A major step in the 
immunotherapeutic treatment of prostate cancer patients is the 
development of the Sipuleucel-T.[29] The activation of Sipuleucel-T with 
the human recombinant PAP-GM-CSF seems successful. However, 
since it is suggested that the prostate might be less accessible for the 
immune system, this could imply that the immune surveillance but also 
immunotherapeutics are less effective in prostate tissue. Therefore 
it is important to gain knowledge on the accessibility and sensitivity 
of prostate tissue and prostate tumor tissue during the development 
of new immunotherapeutic options. To increase immunotherapeutic 
options and efficacy, research on prostate cancer associated antigens 
is essential, as well as the identification of immunological attractants 
and biomarkers to predict the course of disease. Research on IL-7, the 
combination of IL-7 and GM-CSF expression during vaccination (GVAX 
or Sipuleucel-T), the expression of IL-7 by prostatic epithelial cells and 
the possibilities to recruit immunological cells against the primary tumor 
and possible metastasis, would be worth studying with regard to future 
immunotherapeutic modalities against prostate cancer. Moreover, 
active surveillance patients might profit from immunotherapy by 
stimulation of the immune system against the still relatively low volume 
of prostate cancer. This immunological stimulation might prolong the 
active surveillance period or even promote complete remission of the 
low volume disease. 
	 In vitro research lacks immunological and other biological 
influences, which underscores the need for in vivo testing. The currently 
available models, which partially mimic human prostate cancer are 
easy to handle and have contributed significantly to our knowledge on 
the different stages of prostate cancer. For the development of new 
immunotherapeutic regimes a fully immune competent (mouse) model, 
able to mimic all stages of prostate cancer, is desirable. In an attempt to 
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develop a model which mimics all aspects of human prostate cancer, 
the Cre-LoxP recombination technique together with a tissue specific 
promoter has been successful with regard to the development of PIN 
lesions that frequently resulted in adenocarcinoma.[25, 53] Since these 
models develop PIN lesions and tumor cells gradually in time it leaves a 
time window to develop a potent immune response. Therefore, models 
like the conditional Pten knockout model should be preferred to test 
immunotherapeutic options against PIN lesions, as well as tumor cells.  
	 In the coming years an increase of prostate cancer incidence is 
expected. For that reason, patients should be selected for either active 
surveillance or any given therapy to increase the therapeutic efficacy 
and limit potential overtreatment and toxicity. Immunotherapy is an 
attractive therapeutic option. Cell-based vaccines with local production 
of cytokines can improve anti-tumor immunity. The immunological 
protection is not only an effect of the adaptive but also the innate 
immune response. Therefore, the innate immune response should be 
taken into account in the development of novel immunotherapeutic 
approaches, as well as, prostate tissue accessibility and sensitivity. 
Local cytokine expression levels can also be utilized to increase the 
predictive ability of a model for prostate cancer survival. Furthermore, 
gene engineered T cell-based therapy seems a promising strategy to 
treat cancers. A sensitive donor independent assay was developed, to 
determine T cell activation upon patient derived tissue. This assay can 
facilitate patient selection of adoptive T cell therapy and accordingly 
the therapeutic efficacy. Altogether, cytokine levels in prostate cancer 
tissue seem related to prostate cancer survival and may be of value 
when locally produced by a vaccine. 
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Summary

	 The first two chapters of this thesis present a general overview 
of prostate cancer, immunotherapy, interleukin 7 (a protein able to 
stimulate the immune system), and prostate cancer mouse models 
in prostate cancer research. The first chapter (chapter 1) contains 
five parts, a summary on prostate cancer and the current therapeutic 
options, a general introduction on immunotherapy, the biology of IL-7 
and its use in (pre-)clinical studies. In the coming years an increase of 
prostate cancer incidence is expected. Localized prostate cancer, still 
confined to the prostate gland, may be treated with surgery or radiation 
therapy. Treatment of metastatic prostate cancer is mainly focused 
on extending lifetime and relief of symptoms to increase quality of 
life. Since prostate cancer is usually a slowly progressing disease, 
it provides a time window to develop a potent immune response. 
Therefore, immunotherapeutic options are attractive for prostate 
cancer treatment. Vaccinations, to boost the immune system and its 
response, or infusions of modified T cells (immunological cells) might 
offer new therapeutic options of metastatic prostate cancer patients. 
For safety and therapeutic efficacy of therapeutic options prostate 
cancer patients are selected, which reduces the number of patients that 
receive ineffective treatment. The second chapter (chapter 2) gives a 
short overview on prostate cancer mouse models in prostate cancer 
research. Each of these models possesses different characteristics 
that make a model more or less efficient with regard to the research 
questions to be answered. The “mouse prostate reconstitution” (MPR) 
model is a mouse model with an intact immune system and autologous 
cell lines that can be transplanted into mice (xenografted). This model 
facilitates research on anti-tumor vaccinations.
	 The research presented in this thesis describes the additional value 
of locally expressed interleukin 7 (mIL-7) by a whole cell vaccine on an 
introduced tumor (challenge) and its additional predictive ability in a 
model for prostate cancer survival. In chapter 3 the study on a panel of 
cytokine expressing RM-9 cell lines is described. After irradiation the 
cell lines were used for vaccination of immune competent mice (C57Bl/6)  
to generate a potent immune response against injected RM-9 cells. 
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All vaccines showed prolongation of survival of the vaccinated mice 
after administration of RM-9 tumor cells. The mIL-7 expressing RM-9- 
based vaccine resulted not only in increased T cell numbers in the 
blood and prolonged survival of C57Bl/6 mice, but also in tumor-free 
survival. The vaccination effect was more evident when the RM-9 
cells were injected subcutaneously compared to the injection of RM-9 
tumor cells into the prostate of the mice. When RM-9/mGM-CSF cells 
were injected in the prostate of mice, the introduced immunological 
protection of the RM-9/mIL-7 vaccination returned to the protection 
observed with subcutaneous RM-9 injection. To gain insight into the 
RM-9/mIL-7 vaccination effect, the induced protection by RM-9/mIL-7  
vaccination against RM-9 tumor cells was studied by depletion of 
specific immunological cells of vaccinated mice and subcutaneous 
injection of RM-9 tumor cells (chapter 4). All depletions that were 
carried out resulted in reduced survival times, however, mice depleted 
for natural killer (NK1.1) cells showed the shortest survival times due 
to tumor burden, which was almost comparable to the survival times 
of non-vaccinated mice. It was therefore concluded that the observed 
anti-tumor response, introduced by RM-9/mIL-7 vaccination, was pre-
dominantly a NK1.1 response. Furthermore, it was examined whether 
mRNA levels of IL-7 and its antagonist TGFb1 in human prostate 
cancer tissue had an additional value in a model to predict the course 
of prostate cancer progression (chapter 5). IL-7 and TGFb1 expression 
were measured with a technique called ‘quantitative real time RT-
PCR’ in prostate cancer tissue with at least 70% of tumor tissue. The 
additional prognostic value of IL-7 and TGFb1 doubled the prognostic 
ability of a model only containing the Gleason score and pre-treatment 
PSA levels. The best prognosis, according the model, was observed in 
patients with relative low PSA and TGFb1 levels, a low Gleason score 
and a relative high IL-7 level. Both IL-7 and TGFb1 seem promising 
markers for poor prostate cancer survival. For patients, diagnosed upon 
screening for prostate cancer, the additional predictive information of 
IL-7 and TGFb1 levels might be of interest with regard to their risk on 
poor prostate cancer survival and therefore their considered therapy.
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	 Furthermore, a functional  T cell assay was developed and validated 
to facilitate patient selection for adoptive T cell therapy (chapter 6). 
A chimeric antibody-based receptor (CAR) directed against a protein 
carboxy anhydrase IX (CAIX), was used to develop the assay. Primary 
human T cells, expressing CAR to recognize CAIX expression, were 
able to respond to CAIX positive but not CAIX negative tumor tissue 
and showed increased expression levels of IFNg, TNFa, IL-10 and IL-4, 
and the expression of “nuclear factor of activated T cells” (NFAT). The 
observed responses of the primary human T cells were paralleled by 
NFAT activation measured in CAR transduced immortalized T cells 
(Jurkat T cells), which were triggered in a CAR and antigen specific 
manner. By replacement of the CAR to identify CAIX expression, the 
reporter gene assay was adjusted to identify PSMA expression via two 
independent PSMA CARs. Both the CARs for PSMA recognition resulted 
in NFAT activation in response to prostate tumor tissue. Therefore, 
it was concluded that prostate cancer patients can be selected for 
clinical adoptive T cell therapy, based on PSMA expression, using the 
developed donor-dependent T cell activation assay. 
	 In conclusion, this thesis described the possible additional value of 
IL-7 expression during vaccination, the effect on RM-9 tumor growth 
and systemic T cell levels. The expression of IL-7 during vaccination in 
C57Bl/6 mice showed prolonged survival of mice after RM-9 tumor cell 
injection, which was mainly a NK1.1 effect. The mRNA levels of IL-7 and 
TGFb1 in human prostate tissue were assessed. Their additional value, 
in a model with the Gleason score and pre-treatment PSA serum levels, 
was studied to predict poor prostate cancer survival. The addition of 
IL-7 and TGFb1 levels more than doubled the predictive ability of the 
model. Based on the Gleason score, PSA, IL-7 and TGFb1, patients 
might be recommended for surgery instead of active surveillance, 
and the other way around in view of their risk for poor prostate cancer 
survival. Selection of patients for clinical adoptive T cell therapy seems 
facilitated by the developed and validated T cell activation assay. By 
selection of patients it may be possible to increase therapeutic efficacy.
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Samenvatting

	 In de eerste twee hoofdstukken van dit proefschrift wordt een 
overzicht gegeven van prostaatkanker, immunotherapie, interleukine 7  
(een eiwit dat in staat is het immuunsysteem te stimuleren) en 
prostaatkanker muismodellen voor prostaatkanker onderzoek. Het 
eerste hoofdstuk (chapter 1) bestaat uit vijf delen, een samenvatting 
over prostaatkanker en de huidige therapeutische mogelijkheden, 
een algemene introductie in immunotherapie, de biologie van IL-7 
en het gebruik ervan in (pre-)klinische studies. Naar verwachting zal 
de incidentie van prostaatkanker toenemen in de komende jaren. 
Prostaatkanker kan curatief behandeld worden middels chirurgie of 
radiotherapie mits de tumorgroei zich beperkt tot de prostaatklier 
(=lokaal). De behandeling van gemetastaseerde prostaatkanker is 
voornamelijk bedoeld als levensverlengend en de verlichting van 
de symptomen ter verbetering van de kwaliteit van leven. Omdat  
prostaatkanker normaalgesproken een langzaam ontwikkelende 
maligniteit is, is er tijd om een effectieve immuunrespons te 
ontwikkelen. Immunotherapie is daarom een aantrekkelijke optie voor 
prostaatkanker. Vaccinaties, om het immuunsysteem en de immuun-
respons te stimuleren, of infusies van genetisch gemodificeerde T 
cellen (afweercellen) zouden nieuwe therapeutische mogelijkheden 
kunnen zijn voor patiënten met gemetastaseerde prostaatkanker. Voor 
therapeutische efficiëntie van immunotherapie zouden prostaatkanker 
patiënten geselecteerd moeten worden, dit reduceert naar verwachting  
het aantal patiënten die ineffectieve therapie ondergaan. In het tweede 
hoofdstuk (chapter 2) wordt een kort overzicht gegeven van prostaat- 
kanker muismodellen die gebruikt worden in prostaatkankeronderzoek. 
Elk van de modellen heeft karakteristieken welke een model meer of 
minder geschikt maken voor de te beantwoorden onderzoeksvragen. 
De “mouse prostate reconstitution model” (MPR) is een muismodel 
met een intact immuunsysteem. De autologe cellijnen van dit model 
kunnen getransplanteerde worden in de muis (C57Bl/6) waardoor het 
model gebruikt kan worden voor anti-tumor vaccinatie studies. 
	 Het onderzoek gepresenteerd in dit proefschrift beschrijft de 
additionele waarde van lokale interleukine 7 (mIL-7) productie door een 
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cellulair vaccin tegen een geïntroduceerde tumor, en de extra waarde  
van IL-7 in een predictie model voor prostaatkanker survival. In hoofdstuk 3  
(chapter 3) is de studie beschreven waarin cytokine producerende 
autologe RM-9 cellijnen werden gebruikt als anti-tumor vaccins. 
Na bestraling van de cellen werden de cellen gebruikt om immune  
competente muizen te vaccineren ten einde een effectieve 
immuunrespons tegen de te introduceren RM-9 tumor op te wekken. 
Alle vaccins lieten een levensverlenging zien van de muizen na 
toediening van RM-9 tumor cellen. Muizen gevaccineerd met het IL-7 
producerende cellulaire vaccin resulteerde in de langste overleving, 
tumor-vrije overleving en een verhoging in het aantal systemisch 
circulerende T cellen. Dit vaccinatie effect was beter zichtbaar wanneer 
de RM-9 tumoren cellen onderhuids werden geïnjecteerd in plaats van 
in de muizenprostaat. Wanneer er mGM-CSF producerende tumorcellen 
in de prostaat van RM-9/mIL-7 gevaccineerde muizen werden 
geïnjecteerd, in plaats van RM-9 cellen, werd het vaccinatie effect weer 
vergelijkbaar met de onderhuidse tumor injectie. Om inzicht te krijgen  
in het immunologische effect van RM-9/mIL-7 vaccinatie werden 
er muizen gevaccineerd met RM-9/mIL-7, en werden specifieke 
immunologische cellen uitgeschakeld (depletie) en werden de muizen 
geïnjecteerd met RM-9 tumorcellen (chapter 4). Alle muizen met 
een depletie lieten een kortere overleving zien in vergelijking met de 
gevaccineerde niet gedepleteerde muizen. De muizen gedepleteerd 
voor natural killer (NK1.1) cellen hadden de kortste overleving als 
gevolg van tumorgroei, deze was bijna gelijk aan de overleving van 
niet gevaccineerde muizen. Er werd daarom geconcludeerd dat het 
effect van RM-9/mIL-7 vaccinatie voornamelijk toegeschreven kan 
worden aan NK1.1 positieve cellen. Naast het vaccinatie effect van IL-7 
is er ook gekeken naar de extra waarde van mRNA expressie levels 
van IL-7 en TGFb1, in prostaatkanker weefsel van patiënten, in een 
model om prostaatkanker overleving te voorspellen (chapter 5). IL-7 en 
TGFb1 mRNA expressie werden gemeten met een techniek genaamd 
‘quantitative real time RT-PCR’ in prostaatkanker weefsel met tenminste 
70% aan tumorcellen. De extra prognostische waarde van IL-7 en TGFb1 
verdubbelde het voorspellende vermogen van het model waarin alleen 
de Gleason score en PSA (gemeten voor enige behandeling) waren 



	 Samenvatting	 |	 167

S
A

M
EN

VA
TTIN

G

opgenomen. De beste prognose, volgens dit model, werd gezien bij 
patiënten met een lage Gleason score, een relatief lage PSA waarde, 
lage TGFb1 waarde en een relatief hoge IL-7 waarde. Zowel IL-7 en 
TGFb1 lijken potentiële markers voor prostaatkanker overleving. Voor 
patiënten die gediagnostiseerd zijn na screening op prostaatkanker, zou 
de extra voorspellende waarde van IL-7 en TGFb1 van belang kunnen 
zijn met betrekking tot de overwogen therapie.
	 Tevens werd er een functionele T cel assay ontwikkeld en ge- 
valideerd voor de identificatie van prostaatkanker patiënten die in 
aanmerking komen voor adoptieve T cel therapie (chapter 6). Een 
chimeer anti-lichaam gebaseerde receptor (CAR) gericht tegen het eiwit 
carboxy anhydrase IX (CAIX), werd gebruikt voor het ontwikkelen van de 
functionele T cel assay. Primaire humane T cellen, die CAR tot expressie 
brengen om het eiwit CAIX te herkennen, reageerden op CAIX-positieve 
maar niet op CAIX-negatieve tumor weefsels door middel van een 
verhoogde expressie van IFNg, TNFa, IL-10 en IL-4, en de expressie van 
“nuclear factor of activated T cells” (NFAT). De reactie van de primaire 
T cellen waren gelijk aan de NFAT activatie gemeten bij gecultiveerde T 
cellen met de CAIX herkennende CAR, die ook CAR en antigen specifiek 
getriggerd werden. Door de vervanging van de CAIX herkennende 
CAR door een receptor die PSMA expressie kan herkennen werd de 
reporter assay geschikt gemaakt om prostaatweefsel te herkennen. T 
cellen met een PSMA herkennende CAR lieten NFAT expressie zien als 
reactie op prostaat tumor weefsel. Daarom werd er geconcludeerd dat 
prostaatkanker patiënten geselecteerd konden worden voor klinisch 
adoptieve T cel therapie, gebaseerd op PSMA expressie, door gebruikt 
te maken van deze donor-onafhankelijke T cel activatie assay.
	 In conclusie, dit proefschrift beschrijft de mogelijke waarde van 
IL-7 expressie tijdens vaccinatie, het effect op RM-9 tumorgroei en 
systemische T cel waarden. De expressie van IL-7 tijdens vaccinatie 
in C57Bl/6 muizen liet een verlengde overleving zien van muizen na 
injectie van RM-9 tumorcellen, wat voornamelijk een effect bleek 
van NK1.1 positieve cellen. De expressie van IL-7 en TGFb1 mRNA in 
prostaatkanker weefsel van patiënten werd bepaald. Toevoeging van 
IL-7 en TGFb1 mRNA expressie, in een model met de Gleason score 
en PSA voor behandeling, resulteerde in een meer dan verdubbeling 
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van de voorspellende waarde van het predictiemodel. Gebaseerd op 
de Gleason score, PSA, IL-7 en TGFb1 zou er voor patiënten wellicht een 
andere therapie (chirurgie / afwachtend beleid) overwogen worden in 
relatie tot het risico om aan prostaatkanker te overlijden in vergelijking 
met nu. De selectie van patiënten voor klinisch adoptieve T cel therapie 
is mogelijk met behulp van de ontwikkeling en validatie van een T cel 
activatie assay. Door de selectie van patiënten zou de therapeutische 
efficiëntie verhoogd kunnen worden.
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