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Abstract 
Cancer immunotherapy, i.e. activation of the patient’s own immune system to combat 
cancer, represents a treatment strategy which is being clinically tested to complement 
surgery, radiotherapy and chemotherapy – the current cornerstones of our fight 
against cancer. It has become clear now, that tumors not only escape immune 
recognition but also actively suppress antitumor immune responses. Cancer 
immunotherapy therefore has to overcome several obstacles. Since the immune 
system has evolved to fight infections there are intrinsic mechanisms that limit the 
ability to react against self antigens. If however, antitumor immune responses are 
generated, the genetic instability of tumor cells and the immunosuppressive state of 
the tumor microenvironment create a second barrier that hampers immune mediated 
tumor eradication. In order to improve cancer immunotherapy, effective manipulation 
of the immune system to break self-tolerance need to be designed and approaches that 
counteract immunosuppressive mechanisms need to be developed. 
 
We show that treatment with tumor-specific phage display particles leads to 
eradication of established mouse melanoma tumors and long-term survival. The effect 
is initiated by tumor associated macrophages (TAMs), which after bacteriophage 
encounter reverse their typical immunosuppressive state and create an environment 
that promotes recruitment of neutrophils and potentiates neutrophil-mediated tumor 
destruction. The pro-tumorigenic phenotype of prostate cancer-TAMs can be also 
modified using zoledronic acid (ZA). We show that ZA suppresses the expression of 
MMP-9 by TAMs and, in combination with IL-12, enhances their tumor-eliminating 
functions. Furthermore, ZA drives the proliferation and activation of  T cells which 
lyse ZA-pulsed prostate cancer cells. Finally, we developed a more clinically suitable 
protocol for delivery of DNA vaccines using electroporation. Shortening of 
electroporation pulse intervals, resulting in a 10-fold reduction of total pulse length, 
and application of local anesthesia do not negatively affect the vigor of antigen-
specific cytotoxic T lymphocytes responses normally observed after DNA 
electrovaccination. 
 
This study has contributed to the identification and development of novel 
immunotherapeutic approaches which have a significant potential for use in cancer 
immunotherapy. 
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I Introduction 

1.0 The Immune System 

In all vertebrates the ability to resist and survive pathogenic infections relies on a 

functioning immune system. The immune system consists of several distinct 

components, whose close interaction, under optimal conditions, results in elimination 

of the pathogen and establishment of an immunological memory. In the following 

section I will give a simplified view of the immunological mechanisms relevant to the 

work described in this thesis. 

1.1 The Innate Immune System 

After a pathogen has breached the surface barriers of the body, i.e. skin and epithelia, 

the innate immune response is the first line of defense. The innate immune system can 

be divided into a humoral and a cellular arm.  

 

The major humoral component is the complement system which consists of more 

than 30 plasma proteins that can bind to the surfaces of pathogens. Complement 

proteins are involved in killing and opsonization (coating) of pathogens (to facilitate 

phagocytosis) and promotion of inflammation (1). 

 

The second arm of the innate immune system is the cellular arm which consists of 

mainly myeloid lineage white blood cells called leukocytes. These include the 

phagocytic cells (macrophages, dendritic cells (DCs) and neutrophils) which 

phagocytose and eliminate pathogens. They also secrete cytokines and chemokines 

which trigger the inflammatory response as we will see below. Additionally, 

macrophages and DCs are involved in antigen presentation and thereby they serve as 

a link between the innate and the adaptive immune response (2). Other cells of the 

cellular arm of the innate immune system are basophils, mast cells and eosinophils 

and also the lymphoid lineage-derived natural killer (NK) and  T cells. 
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1.2 Inflammation 

Inflammation is a cascade of both molecular and cellular events which serve to 1) 

limit the spread of the invading pathogen; 2) eliminate the invading pathogen and; 3) 

to repair the injured tissue. It is characterized by redness (rubor), heat (calor), 

swelling (tumor) and pain (dolor) which are the cardinal signs of inflammation. A 

fifth consequence of inflammation may be loss of function (functio laesa) (3). 

 

The inflammatory cascade is triggered when tissue resident leukocytes, primarily 

macrophages and mast cells, are stimulated by either structural motifs of invading 

pathogens or, in the case of tissue damage, molecules released from injured cells (4). 

The microbial motifs are often referred to as pathogen-associated molecular 

patterns (PAMPs) and include bacterial lipopolysaccharide, non-methylated CpG 

DNA and double-stranded viral RNA (5) and are shared by many infectious agents. 

These are recognized by either soluble receptors such as complement, mannan 

binding lectin (MBL), and C-reactive protein (CRP) or cell-surface receptors such as 

Toll-like receptors (TLRs) and scavenger receptors (5). These receptors are 

germline-encoded and are commonly called pattern-recognition receptors (PRRs). 

Their main functions include opsonization, phagocytosis and activation of 

proinflammatory signaling pathways (6). Recognition of pathogens by membrane 

bound PRRs leads to the production of cytokines such as tumor necrosis factor-  

(TNF- ), interleukin 1 (IL-1), IL-6 and IL-12 which have several effects (7). TNF-  

and IL-1 interact with endothelial cells to induce expression of adhesion molecules, 

e.g. ICAM-1 and E-selectin (8). Other effects of these cytokines are increased 

vascular permeability, induction of acute phase protein synthesis in the liver and 

activation of NK cells (8). 

 

Guided by chemokines such as IL-8 (CXCL8) released by activated tissue resident 

macrophages, the first cell to enter the site of infection is the neutrophil (9). After 

adhering to the endothelium through its leukocyte adherence molecules it disrupts the 

endothelial cell-cell junctions by secretion of proteases and extravasates to the tissue 

(10). It enters the site of infection and initiates several effector mechanisms to kill the 

invading organisms. Following activation, neutrophils release intracellularly stored 



 

3 

antimicrobial peptides, e.g. defensins, which are toxic to several pathogens such as 

bacteria and fungi (11, 12).  

 

Attracted by factors released in the first phase of the inflammatory response, the next 

cells to enter the scene are the monocytes, which differentiate into mature 

macrophages or immature dendritic cells (13). As long as microbial and 

proinflammatory stimuli prevail, the macrophages will continue to attract more 

neutrophils. 

 

An important mechanism used by neutrophils and activated macrophages to eliminate 

pathogens is phagocytosis. This process is aided by soluble PRRs (e.g. complement, 

CRP, MBL), which act as opsonins and label the pathogen for engulfment. After 

recognition by membrane bound PRRs (14) the pathogens are ingested and delivered 

into phagosomes, which after fusion with lysosomes mature into phagolysosomes 

(15). Inside the phagolysosome the pathogen is exposed to an array of toxic agents 

such as proteases, reactive oxygen (O2
-, H2O2) and nitrogen (NO) species (ROS/RNS) 

(16) which eventually results in pathogen death. Activated neutrophils and 

macrophages also release these agents to kill extracellular pathogens (17) which 

together with secreted proteinases e.g. elastase, matrix matalloproteinases (MMP) 

and cathepsins degrade extracellular matrix (ECM). The MMPs released from 

neutrophils cleave TNF-  from macrophages and recruited monocytes, the TNF-  

then activates more neutrophils (4). Furthermore, TNF- , chemokines, neutrophil-

derived defensins and leukotrienes collaborate to initiate an adaptive immune 

response by recruitment of memory T cells and dendritic cells (18, 19). Unfortunately 

the inflammatory response can cause more damage to the surrounding tissues than the 

microbe itself (20, 21) and since excessive tissue damage can lead to chronic 

inflammation it is important that the inflammatory process is properly terminated. 

 

The switch from inflammation to tissue repair starts when the levels of 

proinflammatory stimuli decrease and macrophages start to produce more secretory 

leukocyte protease inhibitor (SLPI). SLPI is a serine protease inhibitor with both anti-

inflammatory and wound-healing effects (22). These include inhibition of the action 

of elastase (and consequently MMPs), inhibition of ROS release, suppression of 

neutrophil activation and migration, and prevention of transforming growth factor  
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(TGF- ) breakdown (23, 24). TGF-  is a cytokine with dual actions: after cleavage 

from the surface on macrophages by MMPs it is a potent neutrophil chemoattractant. 

However, after the acute phase of inflammation its actions turn into promotion of 

tissue repair (ECM synthesis) and immunosuppression (8) as will be discussed below. 

The residual neutrophils at the inflammatory site undergo apoptosis and are ingested 

by macrophages which will induce their expression of TGF-  (4). Once phagocytosis 

is complete the macrophages exit the inflammatory site and enter the lymphatic 

system (25). 

1.3 Adaptive immunity 

In some cases the innate immune system is unable to handle the infectious agent and 

thus the induction of an adaptive immune response is necessary. As for the innate 

immune system the adaptive immune system also consists of a humoral and a cellular 

arm. In the adaptive immune system there are two types of antigen recognition 

receptors: B-cell receptors, which are membrane bound immunoglobulins (Ig), and T 

cell receptors (TCR). In contrast to the receptors of the innate immune system which 

have broad specificities for conserved motifs of microbes, the antigen receptors of the 

adaptive immune system are highly specific. These receptors are assembled from 

variable and constant regions by recombination-activating gene (RAG) -mediated 

somatic recombination. Through mechanisms such as nucleotide addition and somatic 

hypermutation (Ig only) (26, 27) a highly diverse Ig/TCR receptor repertoire with a 

potential to recognize a vast number of antigens is generated. 

1.3.1 Antigen presentation to T cells 

The specificities of the lymphocyte receptors are not predetermined and neither is 

their site of antigen encounter or effector response after activation. Lymphocytes 

patrol the body through the lymph nodes, which drain the body’s tissues, and the 

spleen which filters the blood, until encounter of their cognate antigen occurs. While 

the Ig-receptors recognize their specific antigens by its three-dimensional structure, 

recognition by TCR requires antigen presentation in the context of major 

histocompatibility complex (MHC) (28). 

 

There are two types of T cells: cytotoxic T cells, expressing the CD8 co-receptor, and 

helper T cells (Th) which express the CD4 co-receptor. Via their TCR these 
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recognize antigenic peptides bound to MHC class I and II respectively. The TCR is a 

complex of the  and  chains which recognize the antigen, the CD3 complex ( ,  

and  chains) and the  chain which are required for TCR signaling (29).  

 

Peptides presented on MHC I are derived from self proteins or intracellular pathogens 

such as viruses. Intracellular proteins are continuously degraded to peptide fragments 

in a protease complex known as the proteasome (30). After degradation the peptide is 

transported to the endoplasmatic reticulum (ER) by transporters associated with 

antigen processing (TAP) proteins (31) where it, via TAP associated protein (tapasin) 

binds to the MHC I molecule complex (32). After binding, the peptide-MHC I 

complex leaves the ER and is transported to the surface where it can be recognized by 

CD8 T cells.  

 

Antigenic peptides derived from extracellular or intravesicular pathogens are 

primarily presented on MHC II molecules (33). While MHC I is expressed by all 

nucleated cells, MHC II is mainly expressed by antigen presenting cells (APCs) 

such as macrophages and DCs (34). After phagocytosis the pathogens are contained in 

endosomes (phagosomes) which eventually fuse with lysosomes (see above). 

Proteases in the lysosome degrade the pathogen-derived proteins into peptide 

fragments. The MHC II molecule is assembled in the ER where it is associated with 

the invariant chain (Ii). Ii prevents binding of peptides to MHC II in the ER and also 

directs the delivery of MHC II molecules to endosomal/lysosomal compartments 

where the Ii is dissociated and peptide binding can occur. After binding, the peptide-

MHC II complex travels to the cell surface where it can be recognized by CD4 T cells 

(35). 

 

To maintain self-tolerance i.e. to remove or inactivate those T cells which bear a TCR 

with the ability to recognize self-peptides and at the same time assuring the ability to 

recognize and respond to foreign antigens, immature T cells undergo the processes of 

positive and negative selection in the thymus. Positive selection results from TCR 

recognition of self-peptide–MHC molecule complexes generally presented by thymic 

cortical epithelial cells; if the T cells fail to recognize such complexes they die by 

neglect. On the other hand, if the recognition of the complexes is too strong, the self-

reactive T cells are negatively selected and clonally deleted by apoptosis (36, 37). 
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1.3.2 Dendritic cells and T cell priming 

Since TCRs are of random specificities and cannot determine the origin of its specific 

antigen, the induction of a T cell response requires translation of innate signals of 

infection or damage. For T cell activation the central “translator” is the dendritic cell 

(38). Immature DCs are highly efficient phagocytes that reside at sites of interaction 

with the environment, such as mucosa and skin, where they screen the tissue for the 

presence of pathogens using PRRs (39). After pathogen ingestion its proteins are 

processed and, upon DC maturation, presented via the MHC. DC maturation is 

triggered by pathogen recognition by PPRs and cytokines (e.g. TNF-  and IL-1) and 

is characterized by 1) enhanced antigen presentation through upregulation of MHC I 

and II (40, 41), 2) cross-presentation i.e. the ability to present phagocytosed antigens 

on MHC class I, 3) proinflammatory cytokine production, and 4) expression of co-

stimulatory molecules B7.1 and B7.2 (CD80 and CD86) (42). Following maturation 

DCs migrate from the peripheral tissues to lymph nodes. The migration is dependent 

on expression of chemokine receptor 7 (CCR7) which directs the DCs to the T cell 

areas in lymph nodes in response to secreted CCL19 and CCL21 chemokines. When 

the DCs reach the lymph node they present the pathogen-derived antigens to naïve T 

cells i.e. T cells which have not yet encountered their cognate antigen in the 

periphery.  

 

The signal from DCs to naïve T cells is mediated through “the immunological 

synapse” which is the area of contact between APCs/DCs and T cells (43) (Fig. 1). It 

involves interaction of 1) TCR with peptide-MHC I/II complexes; 2) CD8 or CD4 

interaction with MHC I or II respectively and; 3) LFA-1 interaction with ICAM-1. 

Effective activation of T cells also requires a co-stimulatory signal. This signal is 

mediated through ligation of CD28, which is expressed on T cells, with CD80 and 

CD86 expressed by activated DCs (44). TCR stimulation in the absence of co-

stimulation results in T cell tolerance (45). In conjunction with the signal provided by 

the TCR, CD28 ligation leads to expression of IL-2 and its receptor IL-2R. Binding of 

IL-2 to its receptor results in clonal proliferation and differentiation into antigen-

specific effector T cells (46).  
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Figure 1. The immunological synapse. A simplified view. 

1.3.3 T cell effector functions 

Upon stimulation CD4 T cells differentiate into either T helper 1 (Th1) or T helper 2 

(Th2) cells and these subsets are identified by their cytokine repertoire (47). A third 

subset of Th cells are the regulatory T cells (Tregs) which will be described later. 

Simplistically, Th1 cells produce interferon-  (IFN- ), activate monocytes and 

macrophages and thereby support cell-mediated immunity. They also promote 

production of opsonizing antibodies (IgG class) by B-cells. The main inducer of Th1 

responses is IL-12 which is produced after TLR-ligation on DCs (48). Th2 cells 

produce IL-4, IL-5, and IL-13, promote immunity against multicellular pathogens i.e 

parasites, and provide help for B cells to produce antibodies of the IgM, IgA and IgE 

classes (humoral immunity) (49). The key determinant of Th2 cell differentiation is 

IL-4 (50). However, the initial source of IL-4 is not entirely known. 

 

Naïve CD8 T cells differentiate into cytotoxic T lymphocytes (CTLs) whose main 

function is to eliminate virus infected, and in some cases, tumor cells in the body. As 

for CD4 T cells they need co-stimulation in order to be activated upon antigen 

recognition. The classical view of how this co-stimulation occurs was described as a 

three-cell interaction where the CD4 and CD8 T cells simultaneously recognize 

antigens presented on the same APC. After activation the Th1 cell secretes cytokines 

such as IL-2 which stimulate CD8 activation. However, since CTL responses can be 

induced in the absence of Th cells (51) an alternative model has gained support (52). 

According to this the CD4/CD8-APC interaction is divided into two steps, 1) the Th1 

cell interacts with antigen-MHC II on an APC whereby the Th1 cell becomes 



 

8

activated and consequently able to condition the APC through interactions of CD40 

(on APCs) (53) and CD40 ligand (CD40L) (on Th) (54); 2) conditioned APCs acquire 

the competence to activate CD8 T cells directly through upregulation of CD80 and 

CD86. However, some viruses can directly induce upregulation of co-stimulatory 

molecules on DCs and thereby the need for CD4 help for CD8 activation is redundant 

(52, 55). 

 

While Th cells mainly act by influencing the action of other cells of the immune 

system, CTLs have the capacity to directly kill cells expressing viral or cancer 

antigens. CTL-mediated killing can occur by at least three different pathways where 

two involve cell-cell-contact and the third is mediated by cytokines. Upon TCR 

stimulation CTLs secrete cytokines such as IFN-  and TNF- . Besides having direct 

antiviral effects (56), IFN-  induces transcription of MHC class I thus making the 

target cell more susceptible for CTL recognition (57), it also induces expression of 

Fas (CD95) which increases Fas-mediated apoptosis (58). TNF-  binds to its receptor 

and triggers apoptosis via the caspase cascade (59). Cell-cell-mediated target killing 

occurs either by Fas ligand (FasL) expression on activated CTLs which induces 

apoptosis of Fas expressing target cells (60) or through release of cytotoxic mediators. 

By exocytosis, CTLs secrete a membrane-disrupting protein known as perforin and a 

family of structurally related proteases (granzymes) with various substrate 

specificities and together these induce apoptosis of the target cell (61). Granulysin is 

another cytotoxic molecule released by CTLs that causes target cell apoptosis by 

disrupting mitochondrial potential (62). 

 

Although being favorable for the host at most times, T cell responses can cause 

immunopathology if left uncontrolled. Thus, the magnitude and duration of the T cell 

response need to be tightly regulated. It is well characterized that the peak of 

expansion is followed by a death phase where most of the antigen-specific T cells are 

eliminated (63). However, a certain number of death resistant, antigen-specific T cells 

may survive, forming a pool of memory T cells which respond rapidly upon a second 

exposure to the same antigen (64). Several mechanisms cooperate to regulate the 

magnitude of the response e.g. activated cell-autonomous death (ACAD) and 

activation-induced cell death (AICD). ACAD is also known as death by neglect or by 

cytokine deprivation and occurs in the absence of appropriate survival signals (63). 
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After cytokine deprivation there is an increased expression of the pro-apoptotic 

proteins PUMA and Bim. These bind to the antiapoptotic Bcl-2 or Bcl-xL causing 

release of Bax and Bak which mediate apoptosis via the intrinsic pathway (65). 

Stimulation of the TCR on already activated T cells may lead to AICD which includes 

stimulation through Fas and TNF receptor 1 (66). IL-2 appears to play a role in AICD 

as increased levels decrease the expression of FLIP, an inhibitor of the Fas signaling 

pathway (67). AICD seems to be the major cause of death upon chronic antigen 

stimulation and is therefore considered to be a major mechanism in maintaining 

peripheral tolerance (68, 69). The presence of immunosuppressive factors, regulatory 

cells and access of nutrients also regulate T cell responses and will be described in 

chapter 3. 
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2.0 Tumor Immunology  

In 1909 the German immunologist Paul Ehrlich predicted that the immune system 

continuously represses spontaneously arising cancers. The hypothesis could be 

experimentally proven in the mid 1900’s when it was demonstrated that immunization 

with chemically or virally induced tumors could stimulate tumor-specific responses 

that were able to reject the original tumors upon re-challenge (70, 71). The results 

from these experiments suggested the existance of tumor associated antigens and gave 

rise to the field of cancer immunotherapy.  

2.1 Cancer Immunotherapy 

Classical cancer treatments such as surgery, chemotherapy, radiation and hormonal 

treatment not only lead to severe side effects but are also mainly effective in early 

stage cancer. Despite major advances in the understanding of cancer biology and in 

the treatment of several types of cancer the disease remains a major cause of death. 

Therefore there is a great medical need for alternative treatment strategies. Cancer 

immunotherapy, i.e. activation of the patient’s own immune system to combat cancer, 

represents one such treatment strategy.  

 

In the 1890s William Coley observed that patients with Streptococcus infections had 

spontaneous regression of certain cancers. This led him to perform some pioneering 

experiments where he intentionally infected cancer patients with bacteria or bacterial 

extracts (Coley’s toxin) and some therapeutic success was achieved. He is therefore 

considered to be the “father of immunotherapy” (72). Due to the intense research in 

the field of immunology including the mapping of tumor antigens (73) and the 

development of new technologies, the field of cancer immunotherapy has, since then, 

developed into complex molecular targeted therapies. Cancer immunotherapy is 

commonly classified into two major categories, passive and active which can further 

be divided into specific and non-specific depending on the strategy used. 

 

2.1.1 Passive cancer immunotherapy 

Passive cancer immunotherapy administers ready-made effector molecules or cells 

e.g. tumor antigen-specific antibodies or effector T cells. In contrast to active cancer 
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immunotherapy (see section 2.1.2), the passive approach does not always require an 

active participation by the patient’s immune system. It is also short-lived and relies on 

repeated administration of the effectors. While the majority of the active 

immunotherapeutic approaches are still in pre-clinical evaluation or in early phase 

clinical trials, several of the antibody-based therapies have resulted in very successful 

clinically available agents such as trastuzumab (74), which targets the Her-2 antigen 

expressed on breast cancer cells, and the anti-CD20 antibody rituximab (75), which is 

used for B cell lymphoma treatment.  

 

Another technique of passive specific immunotherapy is adoptive transfer of effector 

T cells. This involves isolation of the patient’s T cells, either from the tumor or from 

blood, which after ex vivo processing are re-administered to the patient. This approach 

demonstrated clinical responses in melanoma patients (76). An example of a passive 

non-specific approach used clinically is Bacillus Calmette-Guerin (BCG) which is 

used for treatment of superficial bladder cancer (77). 

2.1.2 Active cancer immunotherapy 

Active specific cancer immunotherapies, or cancer vaccines, aim at the induction of 

tumor antigen-specific immune responses, both cellular and humoral and also at the 

generation of immunological memory. By using non-specific immune stimulators 

such as cytokines e.g. IFN-  and IL-2 (78, 79), or CpG (80), tumor-specific immune 

responses can be further enhanced. Despite the strong antitumor immune responses 

observed in animal models, only limited responses have been observed in clinical 

trials. In a review article summarizing 35 clinical trials with a total of 765 patients 

receiving various cancer vaccines, only 29 objective responses were reported. (81). A 

better understanding of the mechanisms of tumor escape, immunological tolerance, 

negative immune regulation and the influence of the tumor microenvironment is 

critical in order to improve the efficacy of active specific cancer immunotherapy. A 

schematic overview of active and passive cancer immunotherapy is illustrated in 

figure 2. 



 

12

 

Figure 2. Active and passive cancer immunotherapy. Following vaccination the tumor associated 
antigen (TAA) is taken up by antigen presenting cells (APC) (1). After processing the antigenic peptide 
is presented to T cells (2) which leads to cytokine release (3) and subsequently CTL-mediated tumor 
killing (4). Alternatively, B cells are activated and produce antibodies (5) leading to lysis of tumor cells 
by either antibody dependent cytotoxicity or complement dependent cytotoxicity (6). The passive 
approach administers ready made effectors such as tumor-specific CTLs or antibodies (7). Figure 
adapted from Schuster et al. Biotechnology Journal (2006), 1, 138-146  

2.2 Cancer Vaccines 

The major focus in the field of cancer immunotherapy has been on cancer vaccines as 

this is an attractive option for long-term cure of cancer. The majority of cancer 

vaccines aim at the generation of tumor antigen-specific CTLs. While antibodies only 

target membrane bound antigens, CTLs can mediate direct killing of tumor cells by 

recognition of peptides derived from intracellular tumor antigens presented in the 

context of MHC I (see section 1.3.1). Moreover, the presence of tumor infiltrating 

lymphocytes (TILs) is correlated to increased survival in some cancers e.g. renal cell 

carcinoma (82). Increasing significance has also been given to CD4 Th, which can 

augment the development of tumor-specific CTLs (83), antibody production by B 

cells (84) or directly eliminate tumors (85). Cancer vaccines are intended to be 

utilized in a minimal disease setting, i.e. after therapy of bulky tumors, to prevent 

tumor recurrence and/or to eliminate metastases. Alternatively, cancer vaccines can be 

used in a prophylactic setting to prevent the development of cancer, which could be 

appropriate against virus-induced tumors. A vaccine against human papilloma virus- 

(HPV) induced cervical cancer was recently approved for clinical use (86). 
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2.2.1 Tumor antigens 

The tumor antigen is the specific target against which the immune response is 

generated after vaccination and several tumor antigens that can be recognized by T 

cells have been identified and used in clinical trials (87). Due to their genetic 

instability, tumor cells express atypical proteins, i.e. tumor associated antigens which 

have low or limited expression on non-malignant cells. Another group of tumor 

antigens are the tumor specific antigens, which are uniquely expressed by tumor cells. 

 

Tumor specific antigens are relatively rare and among these are 1) antigens that arise 

from point mutations in oncogenes or tumor suppressor genes such as ras in 

pancreatic and colorectal cancer (88) or p53 in lung cancer (89), these antigens expose 

new, potentially immunogenic, epitopes which have never been encountered by the 

host’s immune system and thus have the potential of being recognized by T cells and 

subsequently being targets of an immune attack; 2) antigens belonging to the cancer 

testis family which are the result of reactivation of genes that are normally silent in 

adult tissues, such as the antigens of the MAGE, BAGE and GAGE families (73) and; 

3) antigens derived from virally induced tumors, which constitute almost 20 % of all 

human cancers (90). Examples of the latter are the E7 antigen from HPV which 

causes cervical carcinoma (91) and the EBNA2 antigen derived from Epstein-Barr 

virus which is associated with B cell lymphomas (92).  

 

More common than the uniquely expressed antigens are the tumor associated 

antigens (TAA). These are shared by the tumor and the tissue from which the tumor 

originates. This group comprises differentiation antigens and has mainly been found 

in melanomas and melanocytes, e.g. Melan-A (93) and tyrosinase (94), but also in 

other epithelial tissues such as prostate specific antigen (PSA) found in prostate (95). 

Other TAAs, such as HER-2/neu (96), hTERT (97) and survivin (98), are 

overexpressed in tumors but also expressed at lower levels in normal tissues. 

2.2.2 Approaches of active immunization 

Generally tumor cells do not induce immune responses by themselves and for an 

antitumor immune response to occur, tumor antigens need to be properly presented to 

the immune system. Several approaches to deliver tumor antigens and stimulate 

antitumor immune responses have been investigated in both animal models and 
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patients, e.g. cell-based vaccination using either inactivated tumor cells (99) or DCs 

loaded with antigen (100), protein/peptide vaccines (101), genetic vaccines (DNA or 

RNA encoding the antigen) (102, 103), viral vectors (104) or combinations of these 

with or without adjuvants.  

 

Since vaccination with tumor antigens alone has shown to be inefficient, adjuvants are 

frequently used to enhance immune responses. As reviewed by Dredge et al. (105), 

adjuvants act through a wide range of mechanisms such as direct activation of T cells 

by IL-2 administration (106) or recruitment and stimulation of DCs by TLR ligands 

(107). 

 

DCs are considered to play a central role in antitumor immune responses. As ligation 

of the TCR without the secondary co-stimulatory signals may render T cells anergic 

(108) it is of utmost importance that the DCs are stimulated to express co-stimulatory 

molecules when the vaccine is delivered. Since DCs are activated to express co-

stimulatory ligands by stimulation with PAMPs or endogenous “danger signals”, the 

use of molecules recognized by PRR such as TLRs (109), have been extensively used 

as adjuvants to activate and maturate DCs and consequently to induce more powerful 

immune responses. Among those adjuvants are BCG and CpG oligodeoxynucleotides. 

BCG has been used in the treatment of melanoma (110, 111) and CpG has shown 

promising results in a pre-clinical mouse model of colon cancer (112) and is currently 

in clinical testing (113). Chemokines have also been evaluated as adjuvants, and 

monocyte chemotactic protein 3 (MCP-3) fused to a B cell lymphoma tumor antigen 

induced T cell dependent protective immunity in mice (114). Among the endogenous 

signals which are capable of DC stimulation, the heat shock proteins (HSPs) are the 

best characterized (115) and the use of HSPs as adjuvants has demonstrated clinical 

benefit in patients with various cancers (116). 

2.2.3 DNA vaccines 

A DNA vaccine is a plasmid containing a cDNA which encodes the desired antigen to 

be targeted in vivo. The cDNA is inserted between a eukaryotic promoter and a 

polyadenylation signal. To allow amplification in bacteria the plasmid also contains a 

prokaryotic origin of replication and an antibiotic resistance gene. DNA vaccines 

offer several advantages over other vaccines (117). Even though DNA vaccines can 
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be constructed using many different promoters, polyadenylation sequences and 

antigens of interest, the manufacturing process is similar and relatively easy for all 

DNA vaccines. In contrast, vaccines based on cells, viral vectors or recombinant 

proteins/peptides all require unique manufacturing processes. Furthermore, DNA 

vaccines are also more stable, have fewer safety concerns and are less likely to induce 

anti-vector immunity compared to, for instance, vaccines based on attenuated live 

viruses (117).  

 

The first evidence demonstrating that naked plasmid DNA could be taken up and 

processed by cells in vivo was provided by Wolff and co-workers in 1990 (118) when 

they observed protein expression after plasmid injection into mouse skeletal muscle. 

Since then, DNA vaccines have been successfully used to induce antibody and CTL 

responses against viruses e.g. influenza (119, 120) and HIV (121) in both mouse and 

non-human primates. 

 

A major element of DNA vaccines is their ability to deliver proteins for processing 

and presentation via the MHC I pathway which allows for the induction of CTL 

responses and thus CTL-mediated antitumor immunity. Induction of CTL responses 

after DNA immunization can occur by two different means, 1) direct priming occurs 

when the APC is directly transfected by the plasmid, which leads to endogenous 

production of the protein and peptide presentation through the MHC I pathway (122); 

2) cross-priming occurs when other cells than APCs, such as myocytes, are 

transfected and the expressed protein is taken up by APCs which then present the 

antigen to CTLs via cross-presentation (123) (Fig. 3). The predominating pathway of 

priming after DNA vaccination is most likely depending on the site of injection and 

delivery method (124). Part of the DNA vaccines’ potency in inducing CTL responses 

lies in the plasmid backbone which contains CpG motifs that act as an intrinsic 

adjuvant (125). 
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Figure 3. Priming of immune response after DNA vaccine administration 

 

The efficacy of DNA vaccines against cancer antigens has been demonstrated in 

several mouse models. Immunizations with plasmid DNA encoding antigens such as 

SV40 large T antigen (126), HPV E7 (127), and human PSA (128) were all protective 

against a challenge with tumor cells expressing the corresponding antigen. However, 

in all these studies the antigens used were foreign to the animal in contrast to 

spontaneously arising tumor antigens, which mainly represent self-antigens. After 

vaccinations of mice using DNA which encodes mouse homologues of human TAAs 

or of transgenic mice with DNA encoding the human TAA, results are generally much 

poorer. For instance, Her-2 DNA vaccination in Her-2 transgenic mice only results in 

delay of tumor growth and no protection (129). These results also reflect the situation 

in humans where DNA vaccines against self TAA generally result in poorer immune 

responses compared to foreign antigens. In one study, a plasmid expressing both a 

foreign protein, hepatitis B surface antigen (HBsAg), and carcinoembryonic antigen 

(CEA) was used for immunization. While a robust response against the HBsAg was 

observed, only limited responses to CEA were detected (130). Nevertheless, DNA 
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vaccines have proven to be safe, well tolerated and to induce immune responses in 

patients (131). 

 

Several approaches for enhancing the potency of DNA vaccines by co-administration 

of adjuvants have been evaluated. For instance, immunization with a plasmid 

encoding an ovalbumin-tetanus toxin fusion protein broke both B and T cell tolerance 

in ovalbumin transgenic mice (132) and MUC-1 transgenic mice were protected 

against a challenge with MUC-1 expressing tumor cells when MUC-1 DNA was co-

administered with an IL-18 encoding plasmid (133). Another factor which influences 

the generation of immune responses after DNA vaccination is the delivery method. 

The intramuscular and intradermal routes of DNA administration are the most 

commonly used. Other DNA delivery techniques include needle-free biolistic delivery 

of DNA coated gold particles i.e. gene gun, and biojector which target resident APCs 

in the skin (Langerhans’ cells). The gene gun approach has shown promising results 

in the TRAMP mouse model of spontaneous prostate cancer (134) and a DNA 

vaccine encoding human tyrosinase resulted in prolonged survival in dogs with 

malignant melanoma when delivered by biojector (135). Other methods of DNA 

vaccine delivery include association of the DNA with microparticles (136), 

encapsulation of plasmids in bacteriophages (137) and application of electroporation 

after either intradermal or intramuscular DNA delivery (electrovaccination) (138, 

139). 

 

In vivo electroporation has recently gained a lot of attention as a delivery method of 

gene transfer. From being a technique used to transfect cells in vitro it became clear in 

the 1990s that it was also possible to transfect various tissues in vivo (140, 141). 

Compared to injections with naked DNA alone, the addition of electroporation results 

in increased and more stable levels of gene expression (142). The application of an 

electric field is suggested to have two roles in enhancing DNA uptake. First it creates 

pores by disrupting cellular membranes and then it promotes electrophoresis of the 

negatively charged DNA (143, 144). Pulse duration, number, amplitude and type of 

electrode are parameters that need to be optimized for each tissue, not only for gene 

expression but also for their effect on induction of immune responses (145, 146). 

Electroporation in combination with DNA injection has been used to induce immune 

responses against tumor antigens in animal models. In the B16 melanoma model, 
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electrovaccination using a plasmid encoding the mouse melanocyte antigen 

tyrosinase-related protein-2 induced antigen-specific CTLs which delayed tumor 

outgrowth (147). Likewise, the BALB-neuT664V-E mice which develop mammary 

tumors at 10 weeks of age remained tumor free for more than a year after 

electrovaccination using a p185neu plasmid (148). In humans, intramuscular 

electrovaccination is under clinical evaluation (149) and our lab is planning to 

perform a phase I study using intradermal electrovaccination against prostate cancer 

starting fall 2008. 

2.3 Limitations of cancer vaccines 

In contrast to vaccines against infectious diseases, vaccines against cancer generally 

have to break tolerance against self antigens (with the exceptions of tumor antigens 

that are derived from viral oncogenes and mutated self proteins). Nevertheless, some 

self-reactive T cell clones escape thymic deletion, thus having the potential of being 

activated to respond to self antigens (150). However, T cells that escape thymic 

deletion and that are capable of recognizing TAAs are only present in low precursor 

numbers and are often of low avidity. In order for T cell-mediated eradication of 

established tumors to occur, large numbers of high avidity CTLs have to be generated 

(151). If an active vaccination fails to generate sufficient numbers of high avidity 

antigen-specific T cells, a risk exists that the resulting weak immune response leads to 

the selection of tumor cells that no longer express the tumor antigen, i.e. 

immunoediting (see section 3.0). Active vaccination may also result in induction of 

antigen-specific Tregs (152). Besides the limitations discussed, tumors and tumor 

cells themselves possess multiple mechanisms to avoid immune recognition, a 

phenomenon referred to as tumor immune evasion. 
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3.0 Tumor Immune Evasion 

In 2000, the six hallmarks of cancer cells were defined: cancer cells are 1) self-

sufficient in acquiring growth signals; 2) insensitive to antigrowth signals; 3) resistant 

to apoptosis; 4) have limitless replicative potential; 5) able to sustain angiogenesis and 

6) able to invade surrounding tissues and metastasize (153). While these hallmarks 

may be sufficient to maintain cancer growth, several steps of tumor progression are 

supported by altered stromal cells, e.g. fibroblasts, endothelial cells and leukocytes 

which supply the tumor with growth and angiogenic factors (153).  

 

It was recently suggested that inability of the immune system to eradicate tumors or 

avoidance of immunosurveillance (154-157) is the seventh hallmark of cancer. To 

simplify, the immunosurveillance theory postulates that the immune system 

continuously eradicates spontaneously arising tumor cells before they develop into 

detectable tumors (158). It is well documented that mice deficient in various 

components of the immune system, such as RAG2, IFN-  receptor and perforin 

knock-out mice, are more susceptible to develop some types of tumors (159-161). An 

increase in cancer incidence is also observed in immunosuppressed transplant 

recipients (162). However, despite immunosurveillance, cancers develop in 

immunocompetent hosts and this has been proposed to be a consequence of an 

immunologic pressure that functions to select for tumor variants with a reduced 

immunogenicity. The term “cancer immunoediting” was coined to explain this 

phenomenon (156). The cancer immunoediting model describes three phases; 1) 

elimination (immunosurveillance) in which the immune system targets and destroys 

antigen bearing tumor cells; 2) the equilibrium phase in which the immune system 

applies immunologic pressure which controls tumor growth, but not fully eliminates 

the tumor cells. During this phase, tumor cells acquire mutations which render them 

less sensitive to immune attack; 3) in the escape phase the immune resistant tumor 

cells expand to a detectable tumor.  

 

In animal models and humans, tumors exhibit several strategies to escape recognition 

of the immune system and to actively suppress the immune response. Mechanisms of 

tumor immune evasion include downregulation of MHC molecules, resistance to 
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apoptosis, secretion of immunosuppressive cytokines, and recruitment of suppressive 

stroma cells (Fig. 4). 

 

Figure 4. Mechanisms of tumor escape and immunosuppression.  

3.1 Loss of antigen presentation and resistance to apoptosis 

As a consequence of genetic instability and immunological pressure, tumors acquire 

mutations which render them invisible for immune targeting and resistant to 

apoptosis. A common strategy of tumors to avoid recognition by T cells is through 

downregulation of MHC class I molecules (163). Additionally, it has been shown that 

tumors often downregulate the expression of molecules that are involved in antigen 

processing and presentation, such as TAP1/2 (164), tapasin (165) and 2-

microglobulin (166). As complete loss of MHC I would result in NK-cell killing (167) 

tumors can compensate loss of MHC I by upregulation of non-classical MHC I 

molecules (163) thus avoiding NK cell-mediated killing. Other mechanisms of 

immune evasion utilized by tumors are expression of apoptosis inhibitory proteins 

such as the caspase inhibitor survivin (168); secretion of decoy receptors for FasL 

which inhibits FasL-mediated apoptosis; expression of FasL which kills activated T 

cells expressing Fas (169); expression of molecules that inhibit lysis through the 

granzyme B/perforin pathway (170) and of ligands that act inhibitory on T cells such 

as the programmed cell death 1 ligand (PD-L1/B7-H1) (171). 
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3.2 Inhibitory cell populations 

Tumors also evade immune targeting by actively suppressing immune responses. 

Tumor cells and cells of the stroma release various cytokines and chemokines that, in 

addition to having direct immunosuppressive effects, also attract a diverse population 

of leukocytes. These include DCs, lymphocytes, myeloid-derived suppressor cells 

(MDSCs) and macrophages, all of which, under certain conditions, are able to subvert 

antitumor immune responses. The first observation that tumors harbor leukocytic 

infiltrates was made in 1863 when Rudolf Virchow made a connection between 

chronic inflammation and cancer (9). The accumulation and actions of inflammatory 

cells in tumors share several features with tissue repair. However, in tumors these 

processes are not properly regulated which results in continuous release of factors 

contributing to angiogenesis, tissue remodeling and leukocyte recruitment (172). 

Based on the similarities to wound healing, tumors have been described as “wounds 

that do not heal” (173).  

3.2.1 Tolerogenic DCs and regulatory T cells 

Tumor-derived IL-10 and TGF-  have several suppressive effects on antitumor 

immune responses (174, 175). In addition to their direct effect on T cells, e.g. 

inhibition of IL-2 production and inhibition of cytolytic gene expression (176, 177), 

secretion of IL-10 and TGF-  was reported to suppress differentiation and function of 

local DCs (178, 179). The result is the presence of tolerogenic DCs in the tumor 

microenvironment which in turn leads to ineffective T cell priming and induction of T 

cell anergy (45). Other factors contributing to the accumulation of tolerogenic DCs in 

tumors are macrophage-colony stimulating factor (M-CSF) and IL-6 (180). IL-10, 

TGF-  and tolerogenic DCs have also been shown to promote the conversion of naïve 

CD4 T cells to Tregs (181-183). 

 

Tregs, which are commonly detected in tumors, can be described as a T cell 

population which mediate peripheral tolerance by suppressing T cells that react to 

self-antigens, and thereby they also mediate suppression of a large portion of TAA-

specific T cells (184). There are several subpopulations of this cell type including IL-

10 producing Tr1 cells (185) and TGF-  producing Th3 cells (186) and the natural 

CD4+ CD25+ Foxp3+ Tregs. Tumor associated Tregs either originate from the thymus 

or they can be induced locally in the tumor (187). Some Tregs are antigen-specific 
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(188) but once activated they can also suppress by an antigen-independent bystander 

mechanism (189). The mechanisms by which Treg mediate immune suppression are 

not completely elucidated but are likely to include both cell-cell contact and cytokine 

secretion (190).  

3.2.2 Tumor Associated Macrophages  

Along with the factors mentioned above, tumors also secrete monocyte 

chemoattractant protein-1 (MCP-1/CCL2), CCL5 (RANTES), macrophage migration 

inhibitory factor (MIF) and vascular endothelial growth factor (VEGF) (191-194) 

which may recruit and promote survival of tumor associated macrophages (TAMs). 

 

TAMs are a major component of the leukocytic infiltrate in tumors and can comprise 

more than 50 % of the tumor mass (195). TAMs are derived from circulating 

monocytes that are attracted to the tumor by chemokines. An alternative source of 

TAMs could be MDSCs (196) as these seem to differentiate into TAMs in several 

animal models of cancer (197). Their role in tumor microenvironment is complex and 

was initially considered to be tumoricidal. However, it is now clear that monocytes 

can differentiate into “alternatively activated” macrophages which stimulate tumor 

growth, metastasis and angiogenesis (198). The presence of TAMs correlates with 

poor prognosis in several cancers such as cervical cancer, melanoma and breast 

cancer (195, 199, 200). However, TAM function might be cancer dependent since 

TAM presence was shown to be associated with good prognosis in colorectal cancer 

(201). 

 

As for Th1 and Th2 cells, macrophages can adopt the polarized M1 and M2 

phenotypes which differ in cytokine secretion and effector function. M1 macrophages 

produce IL-12 and TNF-  (202) and in response to IFN-  they release tumoricidal 

products such as ROS and NO (203, 204). Consequently, tumor debris from dead 

tumor cells can be taken up by APCs (including macrophages) and adaptive antitumor 

immune responses can be initiated. 

 

Within the tumor microenvironment TAMs are shifted towards the M2 phenotype. In 

contrast to M1 macrophages, the M2 polarized counterparts are poor producers of IL-

12 but produce high levels of IL-10 and TGF-  (205, 206). Examples of other 
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immunosuppressive functions mediated by M2 polarized macrophages are expression 

of indoleamine 2,3-dioxygenase (IDO), which suppresses T cell growth through 

tryptophan depletion (207), and expression of B7-H4 which is a negative regulator of 

T cell growth (208). Moreover, in M2 polarized TAMs the L-Arginine metabolism is 

shifted towards the arginase (ARG) pathway, thus making them poor producers of NO 

and less tumoricidal (209). L-Arginine depletion due to ARG-1 overexpression, has 

also been shown to cause loss of the CD3  chain, the major signal transducer of the 

TCR (210) (Fig. 5).  

 

Besides having immunosuppressive effects, TAMs actively support tumor growth and 

angiogenesis. As early as in 1974 (211), the presence of TAMs was associated with 

metastatic disease and later also with increase in angiogenesis (212). In the presence 

of tumor-derived CCL2 and CCL5, macrophages secrete MMPs (213, 214) which 

degrade the basement membrane and the ECM and consequently support migration of 

tumor cells. Examples of angiogenic factors released by TAMs are VEGF, FGF-2 and 

PDGF (215) (Fig. 5). 

 

Generally, the M1 and M2 phenotypes are induced by IFN-  and IL-4/IL-13 

respectively. The exact signals driving the M2 polarization of TAMs are not fully 

understood, but most likely IL-10 and CSF-1 are involved. For instance, it was shown 

that IL-10 is responsible for the defective IL-12 production observed in TAMs (205) 

and CSF-1 was shown to induce the release of VEGF (216), thus contributing to their 

angiogenic phenotype. Several studies have reported induction of genes encoding 

angiogenic factors in macrophages exposed to hypoxia (217, 218), suggesting a role 

for oxygen availability in TAM function.  
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Figure 5. Functions of polarized macrophages in the tumor microenvironment. 

 

In summary, tumors may escape immune recognition by loss of antigen presentation 

and by acquiring resistance to CTL-mediated apoptosis. Additionally, tumors actively 

subvert immune responses by secretion of immunosuppressive agents and by 

recruitment of cells with immunosuppressive functions.  
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4.0 Counteracting tolerance and tumor immune evasion 

The following sections describe some strategies to improve the current protocols of 

cancer immunotherapy, both in terms of augmenting T cell responses and 

counteracting tumor-induced immune suppression.  

4.1 Which antigen to target? 

Tumors consist not only of tumor cells but also of altered stromal cells which play an 

important role in supporting tumor growth. Analogous to tumor cells, tumor stromal 

cells differ from their normal counterparts and several tumor stroma-associated 

antigens (TSAGs) with altered expression have been identified.  

 

The most commonly used antigens in vaccination studies against cancer are TAAs, 

such as the melanoma differentiation antigens tyrosinase and MART-1 (219, 220). 

The expression of most TAAs is, however, irrelevant for the progression and survival 

of the tumor and therefore their expression can be downregulated without affecting 

tumor growth. Such immunoselection results in antigen loss variants which can 

escape tumor antigen-specific T cells. Therefore, antigens that are directly involved in 

and necessary for promotion of carcinogenesis (oncoantigens) would represent the 

ideal targets as using such antigens would reduce the probability of antigen loss 

variants. The ERBB2 (Her-2) expressed by breast cancer cells represents one such 

antigen (221) and Her-2 expressing tumors have been successfully treated in both 

experimental (222) and clinical settings (223). Since Her-2 is expressed on the cell 

membrane, tumor escape due to MHC class I down regulation can be circumvented by 

employing vaccination strategies that also induce anti-Her-2 antibody responses. 

Other approaches based on tumor associated antigens are the use of heteroclitic 

epitopes (altered self peptides) or homologous antigens derived from other species 

(xenoantigens). The use of such antigens to overcome tolerance against poorly 

immunogenic self antigens has demonstrated efficiency in a mouse melanoma model 

(224), canine malignant melanoma (135) and also disease stabilization in prostate 

cancer patients vaccinated with rat prostate acid phosphatase (PAP) (225). 

 

In contrast to tumor cells, stroma cells are genetically stable and therefore some of the 

escape mechanisms associated with tumor cells are less likely to occur. Thus, TSAGs 
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represent promising targets for CTL- and antibody-mediated cancer immunotherapy. 

Various vaccination approaches targeting TSAGs have demonstrated promising 

results in mice. A DNA vaccine targeting VEGF-R induced a CTL response, inhibited 

angiogenesis and reduced tumor growth (226). In another study, a DC-based vaccine 

against the pH regulator carbonic anhydrase IX, which is overexpressed in cancer 

associated fibroblasts, induced antigen-specific CTLs and inhibited tumor growth 

(227). Moreover, a DNA vaccine targeting legumain, a molecule highly expressed in 

TAMs, induced a CTL response against TAMs which reduced TAM numbers in 

tumor stroma leading to suppressed tumor growth and metastasis (228). While active 

immunization approaches against stromal antigens are still at the evaluation phase a 

number of antibody-based therapies have reached clinical evaluation (229). For 

instance, treatment with Bevacizumab, which targets VEGF thus blocking VEGF-R 

signaling significantly inhibits progression of several tumor types (230, 231).  

 

4.2 Counteracting tumor-induced immune suppression 

Despite the major efforts that have been put into developing sufficient numbers of 

“high quality” T cells and in identifying novel target antigens, the relative lack of 

tumor eradication by T cells is still a major problem. It has become evident that the 

failure is not just a result of poorly generated effector cells but also a consequence of 

active immunosuppression. Accordingly, many approaches of cancer immunotherapy 

now focus on the counteraction or reversion of these mechanisms. 

4.2.1 Treg depletion 

One strategy under development is depletion of Tregs. This can be accomplished by 

systemic delivery of antibodies directed against antigens that are expressed by Tregs 

such as CD25 (IL-2 receptor  subunit). Systemic depletion of CD25 positive cells 

was reported to suppress growth of several tumor types either as a monotherapy (232) 

or in combination with vaccination (233) in mice. Depletion of CD25+ cells using the 

clinically approved IL-2 diphtheria toxin conjugate (Ontak) has also shown clinical 

responses when combined with vaccination in mice and humans (234, 235). However, 

CD25 is also expressed on activated non-regulatory T cells and therefore 

administration of anti-CD25 antibodies could possibly have a negative impact on 

antitumor immune responses. The only truly Treg-specific marker defined so far is 
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Foxp3 (in mice). However, it is not expressed on the surface and thus it can not be 

targeted by antibodies. It was recently reported that vaccination with DCs loaded with 

Foxp3 mRNA induced Foxp3 specific T cells that selectively depleted Tregs in the 

tumor and thereby enhanced the immune response in mice (236). When administered 

at low doses, the chemotherapeutic agent cyclophosphamide has been shown to 

deplete Tregs in mice (237) and to improve immune responses in humans (238). 

 

4.2.2 Interference with stroma formation and function 

Targeting of molecules involved in recruitment of suppressive cells to tumor stroma 

and interference with their functions are strategies that could possibly overcome some 

of the limitations associated with CTL-based therapy.  

 

Several studies have demonstrated the importance of chemokines and cytokines for 

the recruitment of inflammatory cells and angiogenic processes in tumors. For 

instance, deficiencies in CCL2, M-CSF and IL-1 signaling in transgenic mice result in 

reduced TAM infiltrates, delayed angiogenesis and reduced tumor growth (239-241). 

Accordingly, targeting of chemokine/cytokine pathways may influence both tumor 

growth and recruitment of inflammatory cells. Indeed, blocking of CCL2 activity by a 

gene therapy approach where intramuscular injection of a plasmid encoding the 

dominant negative MCP-1 mutant resulted in reduction of tumor growth, capillary 

density and TAM recruitment (242). Another possible strategy is targeting of MIF. It 

was recently reported that vaccination with a DNA vaccine encoding MIF 

significantly reduced inflammation in mouse models of rheumatoid arthritis (243). As 

MIF is also secreted by tumors (244), suggested to play a role in TAM recruitment 

(193) and known to promote angiogenesis (245), it represents a possible target for 

reducing immunosuppression.  

 

Selective targeting of TAMs, causing polarization to a tumoricidal phenotype is an 

approach under development. Attempts have been made to skew TAM activity to the 

M1 phenotype. In one study the combination therapy of CCL16, to accumulate 

macrophages at the tumor site, the TLR9 agonist CpG and anti-IL-10R to block IL-10 

signaling resulted in rapid debulking of the tumor mass. The effect was attributed to 

TAMs which switched their cytokine repertoire from IL-10 to TNF and IL-12. 



 

28

Furthermore, the combination therapy restored the function of tumor associated DCs 

which resulted in an adaptive antitumor immune response (246). Systemic treatment 

with IL-12 was demonstrated to alter TAM function in favor of antitumor immunity 

(247).  

 

A number of chemical agents have been shown to target stroma cells and to interfere 

with their immunosuppressive functions. They may therefore be used to augment 

antitumor immune responses. The drug Trabectedin which is used for mammary 

carcinoma treatment has a preferential toxicity to macrophages. At sub-cytotoxic 

levels, Trabectedin was shown to block monocyte differentiation into macrophages 

and also macrophage secretion of CCL2 and IL-6 (248). Systemic treatment with 1-

methyltryptophan (1ME), an inhibitor of IDO demonstrated a delay of tumor growth 

in mice (249) and treatment with the arginase inhibitor N-hydroxyl-L-Arginine 

(NOHA) reduced arginase-induced T cell dysfuction (250).  

 

Another group of compounds are nitrogen containing bisphosphonates (N-BPs). N-

BPs are currently used for prevention and treatment of osteoporosis and skeletal 

metastases. In addition to reducing bone loss, recent observations suggest that N-BPs 

also exert direct antitumor, antiangiogenic and immunomodulatory effects (251). The 

main mechanism by which N-BPs induce apoptosis seems to be by targeting the 

mevalonate pathway, thereby interfering with the post-translational modification of 

G-proteins and cellular signaling (252). The antiangiogenic effects of N-BPs include 

inhibition of TAM-, MDSC- and tumor-produced MMP-9 and MMP-9-mediated 

VEGF mobilization (253, 254). The reduction of VEGF correlated with a decrease of 

inflammatory TAMs and improved antitumor immunity after DNA vaccination (254).  

 

Bisphosphonates also have immunomodulatory capacities. It was demonstrated that 

N-BPs have several effects on the function and differentiation of myeloid cells. Upon 

treatment with zoledronic acid (ZA), a reduced level of TNF- , reduction of 

phagocytic capacity, impaired maturation and allostimulation of DCs and finally 

downregulation of NF-  activation was reported (255). The latter probably reflecting 

the MMP-9 downregulation observed in TAMs as NF-  has been shown to regulate 

MMP expression in macrophages (256).  
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Bisphosphonates have been shown to induce expansion of  T cells. In contrast to 

conventional T cells bearing the  TCR, the antigen-specificity of  T cells is not 

entirely random and their recognition is skewed towards a pre-defined set of 

conserved phosphate containing, stress-induced self-structures and therefore they are 

considered to be innate-like (257). The recognition is not restricted to antigen 

presentation by classical MHC molecules and their activation does not require DCs 

(251). Since tumor cells often lose their MHC expression, thus making them resistant 

to CTL-mediated toxicity, activation of  T cells offers potential as cancer 

immunotherapy. Induction of  T cells by N-BP is dependent on cell-cell contact 

with either tumor cells or monocyte lineage cells e.g. macrophages (258). 

Internalization of N-BPs causes an intracellular accumulation of isopentenyl 

pyrophosphate which then serves as a danger signal that activates  T cells (258). 

Effector mechanisms of  T cells include secretion of IFN-  and TNF-  and perforin-

mediated cytotoxicity (259, 260). 

 

4.2.3 Recruitment of innate effectors 

Several studies have demonstrated the efficacy of innate-mediated tumor destruction. 

It was demonstrated that tumor cells engineered to secrete various cytokines such as 

TNF-  and IL-2 create a microenvironment which promotes neutrophil infiltration 

and subsequent tumor rejection (261). The role of neutrophils is also prominent for 

effective BCG therapy of bladder cancer where neutrophils not only eradicate tumor 

cells but also orchestrate subsequent antitumor immune responses by regulating T cell 

chemotaxis and secretion of inflammatory cytokines and chemokines (262). In 

addition, a possible role for neutrophils in antibody-mediated tumor killing has been 

suggested (263). One interesting molecule is the neutrophil-activating protein of 

Helicobacter pylori (HP-NAP), which promotes neutrophil adhesion to endothelial 

cells. In addition, it was demonstrated that HP-NAP induces IL-12 and IL-23 

production in neutrophils, monocytes and DCs. It also induces DC maturation and 

drives Th1 polarization of  immune responses (264). Thus, targeting of HP-NAP to 

tumor sites represents a possible approach for cancer immunotherapy. 

 

Macrophages and eosinophils have also been reported to eradicate tumors. Treatment 

with an agonistic anti-CD40 antibody in combination with CpG or CpG alone resulted 



 

30

in eradication of poorly immunogenic B16 mouse melanoma tumors and the 

antitumor activity was mediated by cytotoxic macrophages (265, 266). Another 

interesting observation is that tumor-specific Th2 cells efficiently cleared CTL 

resistant lung metastases and that the clearance was eosinophil dependent (267).  

 

Collectively these findings suggest that CTL-mediated cancer immunotherapy could 

be improved by targeting immunosuppressive elements associated with the tumor 

microenvironment. Furthermore, approaches which specifically aim at recruitment 

and stimulation of cells of the innate arm represent viable alternatives for CTL-based 

cancer immunotherapies. 
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II Aims of the thesis 

Effective cancer immunotherapy requires new strategies which not only target the 

tumor cells but also counteract mechanisms contributing to immunosuppression.  

 

The general aim of this thesis was to develop and evaluate novel approaches for 

cancer immunotherapy. 

 

The specific aims were: 

 

1. To introduce the tumor-specific phage display particles as a cancer treatment 

of established tumors. 

2. To elucidate the mechanism of action of phage-induced tumor eradication. 

3. To dissect the effect bisphosphonates as modulators of prostate cancer-tumor 

associated macrophage function. 

4. To improve an electroporation protocol for intradermal administration of a 

DNA vaccine. 
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III Results and Discussion 

1.0 Introduction to paper I and II 

The two first papers in this thesis describe the use of tumor-specific bacteriophages to 

treat established mouse melanoma tumors. This chapter intends to give the reader an 

overview of bacteriophages, the phage display technology and its applications in 

cancer therapy. 

1.1 Bacteriophages 

Bacteriophages, or phages, are a family of viruses that has evolved to replicate in 

bacteria. One group of phages are the filamentous phages and the best characterized 

of these is the Ff phage (subtypes M13, f1 and fd) which infects E. coli harboring the 

F plasmid. They consist of a single-stranded 6400 base pair long DNA genome 

encapsulated in a protein cylinder (268). The protein cylinder consists of 

approximately 2700 copies of the major coat protein pVIII and at the ends of the 

phage particle there are five copies each of the gene products of genes 3, 6, 7 and 9 

(pIII, pVI, pVII and pIX) (Fig. 6). The remaining five genes are necessary for DNA 

replication and assembly of the phage coat proteins (269). 

 

Figure 6. The filamentous bacteriophage particle. The five proteins which make up the protein 
cylinder are indicated. Picture adapted from: www.helsinki.fi/bioscience/biochemistry/koivunen.htm 

 

Since most phages are able to lyse bacteria, phage therapy represents an alternative 

strategy to treat antibiotic resistant bacterial infections. Phage therapy was 

successfully used to cure bacterial infections such as E. coli induced diarrhea in calves 

(270) and antibiotic resistant gastrointestinal infections in mice (271). As reviewed by 

Sulakvelidze (272), phage therapy has also demonstrated efficiency for numerous 

bacterial infections in humans and it appears to be safe as no serious side effects were 

reported in these studies. 
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1.2 Phage display 

The principle of the method is based on insertion of specific DNA sequences 

encoding peptides or proteins into the genes encoding phage capsid proteins. Fusion 

proteins are produced which are incorporated into the phage particle during assembly. 

Since the first description of the technology by Smith in 1985 (273), Ff phages have 

been widely used to construct peptide/protein (274) and antibody libraries (275) of up 

to billions of variants. The majority of phage display vectors use the N-terminus of 

pIII or pVIII to display the foreign sequences (276) allowing display from 1 (pIII) to 

2700 (pVIII) copies. Through various selection protocols such as biopanning (Fig. 7), 

phage display libraries offer the possibility of rapid identification of peptides and 

proteins with specificity for a huge diversity of targets, including TAAs. 

1.3 Phage display applications in cancer therapy 

Numerous ligands with specificity for tumors, such as melanoma (277), prostate (278) 

and breast cancer (279), and tumor vasculature (280, 281) have been identified using 

phage display technology. Ligands identified through panning of phage libraries, may 

be used as drugs in cancer therapy by themselves, e.g. through targeting of receptors 

necessary for tumor formation (282) or progression (283). Tumor-specific ligands 

have also been used to target cytostatic drugs (284), proapoptotic agents (285, 286), 

cytokines (287) and superantigens (288) to tumor sites in mice. 

 

More direct effects of phages to inhibit tumor growth have been demonstrated. Phages 

are generally considered to have no intrinsic tropism for mammalian cells. However it 

was reported already in 1940 that phages possess antitumor activity in mice and 

rabbits (289). More recently, it was demonstrated that a substrain of phage T4 could 

significantly reduce growth of experimental subcutaneous melanoma and lung cancer 

in mice when administered intraperitoneally (290) and also inhibit the formation of 

lung metastases (291). The suggested inhibitory mechanism is by binding to 3-

integrin, a receptor of importance for tumor metastasis (292).  

1.4 Phage immunogenicity 

Phages are highly immunogenic and are known to induce immune responses directed 

to their naïve coat proteins (293). As a result, phages are used to monitor CD4 T cell 

function by their ability to provide B cell help in anti-phage antibody production in 



 

34

HIV-patients (294). It was demonstrated that humoral anti-phage immune responses 

are T cell dependent as nude mice mounted a significantly weaker immune response 

and were unable to undergo a switch to produce IgG. Furthermore, no adjuvant was 

needed to induce potent anti-phage immune responses (295), demonstrating that 

phages are strong immunostimulators. Immune responses can also be induced by 

phage DNA. Administration of M13 phage DNA induced IFNs and protected mice 

against a vaccinia virus infection, most likely due to the presence of CpG motifs in the 

genome (296). Phages have been shown to induce IL-6 expression in splenocytes and 

macrophages (297) which suggests an ability to trigger inflammation. Furthermore, 

phages have been used to enhance vaccine potency. It was demonstrated that fusion of 

the domain I fragment of pIII to a non-immunogenic model antigen induced a Th1 

response while no immune response was elicited using the non-fused antigen (293). 

Additionally, phage T4 enhanced the efficacy of a DC-based vaccine against colon 

carcinoma, characterized by an increase of DC maturation markers, increased IFN-  

production and delayed tumor growth (298). 

1.5 Phage display particles as vaccine vehicles 

Phages are taken up by DCs and processed through both MHC class I and II pathways 

(299) and are therefore also able to trigger CTL responses. When administered 

intravenously they have been shown to extravasate, and penetrate into tissues (300). 

Phages are also found in the circulation and internal organs after intraperitoneal, 

intranasal and intramuscular administration (301-303) where the intranasal route 

yielded an anti-phage antibody response (304). Phages are also non-toxic to animals 

(305). These features together with the possibility of displaying foreign structures on 

their surfaces have made them attractive for vaccine design 

 

Several approaches of using phages as vaccine delivery vehicles have been explored, 

e.g. phages expressing mimitopes of immunogenic epitopes of, for instance, HIV 

(306), or phages that express known antigenic determinants derived from parasites 

(295, 307). Another approach is to use phage particles as carriers of DNA vaccines. 

This approach was superior compared to naked DNA immunization in generating 

antibodies against hepatitis B virus (308). Screening of phage display peptide libraries 

has also identified peptides, which after fusion to antigens, direct immunogenic 

epitopes to lymph nodes (309) and DCs (310) thus enhancing the immune response. 
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Phage-derived vaccines have also been explored in animal models of cancer. 

Promising results were obtained in mice with phages expressing antigen epitopes of 

mastocytoma (311), breast cancer (HER-2) (312) and melanoma (MAGE-A1) (313). 

Given these observations it is worthwhile to evaluate tumor-specific phages, which 

can be selected from phage display libraries, as anticancer agents.  
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2.0 Paper I and II 

In paper I and II the potential of a novel passive immunotherapeutic approach using 

tumor-specific phage display particles to treat established tumors in a mouse model 

was evaluated. The hypothesis that accumulation of highly immunogenic phage-

particles at the tumor site would attract an anti-phage inflammatory response and 

result in the destruction of the tumor by a bystander mechanism was investigated in 

paper I and a possible mechanism of action was suggested in paper II.  

 

Two tumor-specific phage clones were used in the study. One clone was selected from 

a phage peptide display library through a combined in vivo/in vitro panning on 

established B16.F10 melanoma tumors and B16.F10 cells in culture (Fig. 7A). The 

second phage was constructed by inserting an antibody Fab-fragment (Fig. 7B) with 

known specificity for the model tumor antigen, HLA-A2. 

 

Figure 7. A. Schematic overview of a phage panning protocol. The phage library is either injected to 
tumor bearing mice (1) or added to tumor cells in culture (2). After non-binding phages have been 
washed off, the binding clones are eluted and propagated in E. coli. The phages are then panned for 
another 3-4 rounds to yield highly specific phage clones and analyzed for their affinity to tumor cells 
and ability to treat established tumors. B. Construction of Fab expressing phage. The vector containing 
the Fab-fragments is transformed into bacteria. After superinfection with helper phages, which confer 
the genes necessary for phage particle assembly, the resulting phages express the Fab-fragment as a 
fusion protein on pIII. 

 

After panning of the peptide phage library on B16.F10 cells and tumors and 

construction of the HLA-A2-specific Fab expressing phage, the ability of phages to 

bind B16.F10 and B16.F10/A2Kb cells (B16.F10 transfected with HLA-A2), 

respectively, was analyzed using flow cytometry. One clone, selected through the 

combined in vivo/in vitro panning showed high specificity for B16.F10 melanoma 

cells but not for syngeneic, non-tumorigenic, melan-a cells which confirmed the 

tumor-specificity of the peptide phage. The Fab-phage showed specificity to HLA-A2 
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expressing cells but not to HLA-A2 negative cells, which verified that the Fab-

fragment still exhibited antigen-specificity when fused to the phage tail. 

 

The tumor-specific phages were used to treat mice bearing established B16-F10 or 

B16/A2Kb tumors. Phages were administered subcutaneously adjacent to palpable 

tumors every 3-4 days for two weeks. Treatment with tumor-specific phages was 

superior to wild type phage treatment and led to complete regression of B16/A2Kb 

tumors and long-term survival in 40-50 % of the mice (Table 1). Treatment of the less 

immunogenic parental B16.F10 tumor however, did not lead to complete regression 

but tumor growth was significantly delayed and a minor increase in survival was 

observed compared to controls. 

Table 1. Outcome of phage treatment of established tumors 

Treatment Tumor free % Survival 

PBS 0/20 0 

Wild type phage 1/18 5.5 

Peptide phage (WDC-2) 8/19 42 

Fab-phage 9/17 53 

 

Morphological and histological analysis of tumors undergoing treatment revealed a 

massive infiltration of neutrophils, suggesting a significant role for the innate arm of 

the immune response in the initial phases of phage treatment. The infiltration of 

neutrophils was accompanied with local ulceration of the skin and necrosis of tumor 

tissue. The long-term survival suggested that the cellular arm of the immune system 

also might be involved. Phage administration induced secretion of proinflammatory 

cytokines (IL-12 and IFN- ) both in vivo as measured in serum after phage 

administration and in vitro when administered to cultured splenocytes. These results 

demonstrate that accumulation of tumor-specific phages to the tumor site triggers an 

inflammatory response which recruits inflammatory cells to the tumor, and that these 

cells have the ability to kill tumor cells by a non-specific mechanism.  

 

In paper II (manuscript) the mechanism behind the phage-induced tumor regression 

observed in paper I was investigated. Given the observation described above, that 

phages induce secretion of proinflammatory cytokines and also have CpG in their 
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DNA, we hypothesized a role for TLRs in the induction of the anti-phage immune 

response.  

 

The contribution of TLR signaling was tested in MyD88-/- mice, in which TLR signal 

transduction is impaired (314). Upon phage stimulation of splenocytes isolated from 

MyD88-/- no IFN-  could be detected in tissue supernatants and no tumor infiltration 

of neutrophils or tumor regression was observed after phage treatment of tumor 

bearing MyD88-/-. The data indicate that TLR signaling is necessary for phage-

mediated tumor regression to occur. As signaling through TLRs is a distinct 

characteristic of APCs and since macrophages comprise the majority of APCs in 

tumor stroma, the effect of bacteriophages on macrophages was investigated. 

 

To induce the M2 polarized phenotype associated with TAMs, primary mouse 

peritoneal macrophages were cultured in B16-conditioned medium (CM). After 

conditioning, the gene expression was analyzed using real-time quantitative PCR. 

Exposure to tumor-CM resulted in a M2-like phenotype characterized by an 

upregulation of IL-10 and TGF-  and downregulation of IL-12 and IFN- . Phage 

stimulation of TAMs resulted in an upregulation of IFN-  and IL-12 and thus 

switched the gene expression profile to a M1-like phenotype. Expression of molecules 

involved in antigen presentation (MHC I/II) and co-stimulation (CD80) was also 

increased. The latter was also true for bone marrow-derived DCs which also increased 

their CD86 expression after phage exposure. To establish a link between TAM 

activation and neutrophil accumulation at the tumor site a series of in vitro migration 

assays were performed. Medium from phage-stimulated TAMs was shown to recruit a 

substantial fraction of CD11b/Gr-1 double positive cells from mouse splenocyte 

preparations. Compared to medium from non-stimulated TAMs and normal 

macrophages the number of migrated CD11b/Gr-1 cells was significantly higher. 

 

Next we investigated the contribution of soluble and cellular compartments to induce 

B16 tumor cell death. Medium from phage stimulated TAMs caused an increase in 

apoptosis of B16 cells compared to medium from non-stimulated TAMs. Although 

addition of neutrophils to tumor cell cultures resulted in increased tumor cell 

apoptosis the effect was markedly increased when neutrophils were added to tumor 

cells in the presence of medium from phage stimulated TAMs. The data suggest that 
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the observed tumor eradication is mainly a consequence of neutrophil-mediated cell 

death rather than a result of soluble factors such as TNF-  and IFN-  secreted by 

stimulated macrophages. In addition, only low amounts of ROS and NO were released 

by TAMs after phage stimulation, which speaks for the neutrophils as the main 

effectors in this model. The mode of action of neutrophil-mediated tumor cell killing 

is not completely understood. Most likely it involves several effector functions such 

as secretion of toxic oxidative metabolites and defensins (263). A role for granzymes 

and perforin has also been reported (315, 316) but conflicting data exist (317). 

 

The two studies demonstrate that tumor-specific phage particles are able to promote 

tumor eradication. They describe a close interaction of the innate immune system in 

which bacteriophages, directed to the tumor microenvironment due to their 

specificity, trigger an acute inflammatory response. The phage-induced tumor 

regression appears to be mediated by TLR signaling in TAMs, which skew their 

activity from a “tumor friendly” immunosuppressive M2 phenotype to the M1 

activation state. The proinflammatory environment created by phage-stimulated 

TAMs attracts neutrophils to the tumor site. In the presence of TAM-secreted factors, 

the neutrophils become activated and gain an increased tumoricidal activity.The 

proposed mechanism of phage-induced tumor regression is illustrated in figure 8.  

 

Although promising, these studies have limitations. One limitation is that the tumor-

specific phage approach has only been evaluated when phages are administered 

peritumorally. Therefore we do not know whether the strategy works for tumors that 

can be targeted only via the intravenous route and if targeting actually occurs, there 

may not be enough phage particles localized to the tumor. The consequence may be a 

weaker immune response since the therapy seems to depend on a high number of 

phages accumulating at the tumor site. Another limitation is that the effects of phages 

on TAMs have been performed in an in vitro system. To study the effect on TAMs in 

vivo or on TAMs isolated from tumors would be more biologically relevant. 
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Figure 8. A proposed mechanism of tumor-specific phage-mediated tumor eradication. After 
administration of tumor-specific phage particles (1), these localize to tumor cells (2).Through TLR-
mediated signaling (3), TAMs switch their phenotype and secrete proinflammatory cytokines (4) which 
recruit neutrophils to the tumor site. The proinflammatory environment activates the neutrophils to 
release tumoricidal factors (5). In addition, phage treatment results in upregulation of maturation 
markers on TAMs and DCs (6). Cell debris from dead tumor cells is taken up by DCs (7) which initiate 
an adaptive immune response (8). 

2.1 Related but yet unpublished observations 

The long-term survival of mice in which phage treatment resulted in complete tumor 

remission indicates that the adaptive arm might be involved at a later phase after 

phage treatment. The observation that both DCs and macrophages increased their 

expression of MHC and costimulatory molecules also pointed in that direction. 

Indeed, mice that were tumor free after phage treatment rejected a re-challenge with 

B16/A2Kb cells but not with syngeneic control tumor cells. The protective effect 

appeared to be mediated by CD8 T cells since adoptive transfer of CD8 T cells but not 

CD4 T cells from tumor free mice conferred protective immunity to naïve recipients. 

Moreover, phage treatment in RAG-/-mice did not result in complete remission or 
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long-term survival even though the initial effects of the therapy were similar to that in 

wild type mice. 

 

3.0 Introduction to paper III and IV 

The common subject of paper III and IV is immunotherapy of prostate cancer (PC). 

In paper III we investigated the effect of the bisphosphonate ZA on the 

immunosuppressive and pro-tumorigenic function of prostate cancer TAMs. In paper 

IV we optimized a previously published protocol for intradermal administration of a 

DNA vaccine against PC in combination with electroporation (145). 

3.1 Prostate cancer immunotherapy 

Prostate cancer is currently the most commonly diagnosed form of cancer and the 

fourth leading cause of cancer related deaths among men in the Western world (318). 

Since there are no curative treatments for the advanced stages of the disease, i.e. 

androgen independent metastases, novel treatment strategies are needed. Several 

TAAs preferentially expressed by PC have been described, e.g. PSA (319), prostate-

specific membrane antigen (PSMA) (320) and PAP (321).  

 

Several approaches for vaccination against PC such as: protein/peptide (322), DC-

based (323) and DNA encoded antigen delivery (128) have been evaluated and 

demonstrated promising results in animal models. Passive immunotherapeutic 

approaches include GM-CSF treatment, anti-CTLA-4 and anti-PSMA antibody 

administration (324). However, clinical responses after PC vaccination have been 

modest (325-327), which could partly be explained by PC immune evasion. As for 

other cancers several mechanisms of tumor escape and immunosuppression have been 

described in PC patients. These include loss of MHC I, expression of 

immunosuppressive substances and increased levels of Tregs (328).  

3.1.1 Prostate specific antigen (PSA) 

PSA is a secreted, 237 amino acids androgen regulated serine protease belonging to 

the kallikrein family (329). The primary function of PSA is cleavage of semenogelin 

and fibronectin to inhibit coagulation of semen (330). PSA levels are elevated in 

serum of men with PC and PSA is therefore a commonly used biomarker to diagnose 
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and monitor PC. Due to its high restriction to prostate epithelia (331) PSA represents 

a good target for PC immunotherapy. In addition, PSA-specific T cells (332) and 

antibodies (333) were detected in healthy individuals as well as in cancer patients 

showing that tolerance to PSA can be broken. PSA has been used as the target antigen 

in numerous clinical trials where PSA-specific immunity was induced, however 

clinical outcomes have been limited (131, 334, 335).  

4.0 Paper III 

In addition to having direct cytotoxic effects on tumor cells, bisphosphonates have 

been reported to suppress the angiogenic function of TAMs and to have 

immunomodulatory effects on myeloid cells. The aim of this study was to investigate 

the impact of ZA treatment on tumor associated macrophages in prostate cancer. 

 

First we investigated the effect of two PC cell lines (LNCaP and PC3) on monocyte 

migration and macrophage proliferation. Monocytes migrated towards LNCaP-CM 

but not towards factors secreted by PC3 cells. The opposite relationship was 

demonstrated for macrophage proliferation where macrophages readily expanded 

upon exposure to PC3 whereas proliferation was completely absent after exposure to 

LNCaP-CM. The data suggest that the recruitment to, and the proliferation of 

leukocytes in the tumor depend on the grade of tumor cell differentiation. Next, we 

characterized the phenotypic changes induced in macrophages after exposure to PC-

CM. A significant overexpression of several genes described in immunosuppression 

and cancer progression was observed. These included IDO, VEGF, IL-10 and MMP-

9. The pattern of upregulated genes was to a large extent similar in response to 

LNCaP- and PC3-CM. 

 

After confirming that macrophages adopt a M2 phenotype after when exposed to PC-

CM, the effects on TAMs after ZA treatment were studied. TAMs were exposed to 

increasing concentrations of ZA and gene expression was evaluated. ZA treatment did 

not result in any significant change of expression of the majority of the analyzed 

genes. However, a significant decrease of MMP-9 expression and an increase of IDO 

were shown after treatment with high concentrations of ZA.  
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Since ZA treatment alone did not result in reversion of the immunosuppressive 

phenotype of TAMs, we investigated whether a combination of ZA with known 

immunomodulatory agents could shift the balance towards the M1 phenotype. The 

combination of ZA treatment with either IL-12 or the TLR3 ligand poly:IC 

significantly increased the expression of IFN-  compared to either alone, both in 

terms of gene expression and at the protein level. A minor increase of TNF-  and IL-

12 was also observed. Importantly the effect was also observed in the lower range of 

ZA concentration, contrasting to the high ZA concentration needed to achieve a 

significant decrease in MMP-9 expression. The data indicate that ZA has the ability to 

constrain the expression of genes involved in PC-TAM-mediated tumor progression. 

Although ZA treatment alone does not cause a shift in PC-TAM polarization, ZA can 

act synergistically with other immunomodulatory agents to skew PC-TAMs towards a 

M1 phenotype.  

 

It is well established that bisphosphonates can trigger activation of  T cells (336) 

and that the activation requires cell-cell contact with either tumor or myeloid cells 

(258). We therefore investigated the potential of ZA treated PC-TAMs to drive 

activation and proliferation of this innate lymphocyte subset. ZA treated PC TAMs 

were able to induce a significant expansion of  T cells from peripheral blood 

mononuclear cells. ZA expanded  T cells were also activated as demonstrated by 

upregulation of CD3 and intracellular IFN- . Furthermore, cytotoxicity assays 

revealed that the activated  T cells had a significantly higher capacity to lyse ZA 

treated PC cells compared to non-treated target cells. 

 

The study shows that ZA treatment of PC-TAMs results in downregulation of MMP-9 

which is implicated to have a role in tumor metastasis. On its own ZA does not seem 

to possess the ability to affect the immunosuppressive phenotype of PC-TAMs. 

However, in combination with other immunomodulatory agents it acts to shift the 

cytokine profile towards a tumor-eliminating phenotype. ZA treated PC-TAMs 

expand and activate  T cells, which exhibit an increased ability to lyse ZA-treated 

target cells. Due to its effects on tumor progression, TAM activation, and the ability 

to evoke innate antitumor responses, a potential use of ZA as an immunomodulating 

agent in immunotherapeutic protocols is suggested. However, the approach needs to 

be tested in vivo to be validated. 
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5.0 Paper IV (Manuscript) 

DNA vaccination in combination with electroporation is a promising approach of 

active immunization and several studies have demonstrated high levels of gene 

expression and induction of tumor-reactive T cells after electrovaccination. Thus far, 

the intramuscular route of DNA electrovaccination has been the most commonly used 

technique. However, intramuscular electroporation is invasive and associated with 

pain and discomfort. The present study aimed at optimizing a previously described 

protocol for intradermal DNA electroporation to enhance tolerability. The focus was 

on reducing total pulse duration without affecting the amplitude of the induced 

immune response. 

 

Mice were injected intradermally with the PSA expressing pVax-PSA plasmid and 

subjected to electroporation. The pulses, which were optimized to generate a potent 

PSA-specific CTL response in a previous study (145), were a combination of two 

“high amplitude short duration” and eight “low amplitude, long duration” pulses. The 

rationale is that the pulses of high voltage cause pore formation in the cellular 

membranes and the long pulses transfer the DNA into the cell via electrophoresis. Six 

different protocols, only varying in intervals between pulses, were applied. The total 

pulse duration ranged between 0.24-2.98 seconds. Application of the longest pulse 

protocol resulted in 10 visible muscle contractions as opposed to the shorter pulse 

protocols where only one contraction was observed. The frequency of PSA-specific 

CD8 T cells was not affected by the pulse length as there were no significant 

differences in levels of IFN-  producing CD8 T cells (2.1-3.8 %) in response to in 

vitro stimulation with a PSA-derived peptide between mice vaccinated with any of the 

electroporation protocols. A protocol of 0.27 seconds was selected for comparison 

with the previously published slow protocol (2.98 seconds) in subsequent 

experiments. The result shows that the total pulse duration can be reduced more than 

10-fold, thus limiting discomfort without affecting the immune response. 

 

Using a luciferase reporter system we investigated whether pulse length had any 

impact on gene expression. The results demonstrated that using higher pulse 

frequency does not affect either the time of induction of gene expression or 

expression over time. Luciferase expression was stable over 2 months regardless of 
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the protocol used. The long-term expression of the luciferase gene is probably 

associated with its lack of immunogenicity. When the luciferase encoding plasmid 

was co-administered with pVax-PSA the luciferase expression dropped below the 

limit of detection within 15 days (unpublished data) suggesting that cells transfected 

with an immunogenic antigen are eliminated. A potential danger of using DNA 

electroporation is that increased cellular uptake of DNA may lead to an increased 

integration frequency. Although a study showing that plasmid integration frequency is 

below the spontaneous rate of gene inactivating mutations after intramuscular DNA 

electroporation (337), studies examining integration after skin electroporation need to 

be undertaken. 

 

To further reduce the sensation of pain during electroporation we evaluated if 

administration of an anesthetic cream containing lidocaine and prilocaine (EMLA®) 

would influence the immune response. Even though it has been demonstrated that the 

cream reduces pain associated with immunization and does not affect antibody 

responses (338, 339) there are no studies describing the effect on the induction of 

vaccine-specific CTLs. We show that application of local anesthesia had no negative 

effects on either PSA-specific CD8 T cell number or function, as demonstrated by 

their ability to produce IFN-  and degranulate upon PSA peptide stimulation. 

 

In summary, this study describes that DNA electrovaccination protocols can be 

considerably shortened to reduce discomfort without affecting the induction of 

immune responses or gene expression. Application of local anesthesia, to further 

reduce pain sensation has no impact on the immune response. We suggest that this 

protocol for DNA electroporation is suitable for clinical evaluation.  
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IV General Conclusions 

The data presented in this thesis describe three novel immunotherapeutic approaches 

which could possibly overcome some of the mechanisms of tumor escape and 

immunosuppression.  

 

We demonstrate that tumor-specific bacteriophages efficiently target an innate 

immune response to tumors and that the tumor eradication can be attributed to 

neutrophils. Interestingly, phages seem to reverse the immunosuppressive phenotype 

of TAMs to a phenotype that favors cellular immunity. The observation that phage 

treatment initiates adaptive immune responses suggests that employing strategies that 

allow for innate-mediated tumor destruction provide an antigen source for DCs and 

thereby the need for active immunization may be circumvented.  

 

DNA vaccination in combination with electroporation has been demonstrated to break 

immunological tolerance and to induce potent antitumor CTL responses. We show 

that DNA electroporation protocols can be made considerably more tolerable by using 

the intradermal route of DNA administration in combination with short pulse 

protocols and local anesthesia. The same protocol, using xenogenic PSA to enhance 

immunogenicity, is expected to enter a phase I trial by the fall of 2008. The observed 

effects of ZA treatment on the pro-tumorigenic and immunosuppressive functions of 

TAMs and on the induction of  T cells suggest that ZA may serve as an adjuvant in 

immunotherapeutic protocols. However, possible adjuvant effects of ZA on cancer 

vaccination need to be evaluated in vivo. 

 

In conclusion, I believe that cancer immunotherapy can be made successful. A 

combination of an efficient immunization modality and targeting of 

immunosuppressive cells would most likely improve clinical outcomes. Although the 

efficacy of immunotherapies aiming at CTL-mediated tumor eradication may be 

improved by reversal of immunosuppression, strategies aiming at the induction of 

innate antitumor responses represent possible alternatives. Treatment with tumor-

specific phages offers a novel approach for treatment of established tumors which 

merits further investigation. 
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