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ABSTRACT
Within cancer research a molecular target is a specific molecular attribute in a
cancer cell or tumor tissue that may play a role in promoting disease progression.
There are many of these molecular attributes present in cancer biology and they
represent events for therapeutic intervention. However, the major challenge for
cancer therapy is selecting the right time to exploit a molecular target, or targets,
while destroying cancer cells, and preserving normal cells. Therefore, critical to the
success of any cancer therapy, is utilizing new technology and experimental
approaches to gain a basic knowledge of the molecular mechanisms causing the
disease and promoting its progression, and also developing and utilizing new
therapeutic strategies.
The aim of this thesis was to identify novel molecular targets for cancer
therapy, and to develop new therapeutic strategies in a widely studied mouse model
of melanoma. The first project was a discovery based proteomics study to identify
differential protein expression during tumor progression. Since proteins are the most
commonly targeted molecule for therapeutics, a comparative proteome analysis was
performed on B16-F10 derived tumors in C57BL/6 mice at days 3, 5, 7, and 10.
Hierarchical clustering of 44 protein spots (p<0.01) revealed a clear switch in
expression of these proteins between the day 5 and the day 7 tumors. Additionally, a
trend analysis showed 6 predominant kinetic paths of protein expression as the tumor
progressed. Proteins involved in glycolysis, inflammation, wounding, superoxide
metabolism, and chemotaxis increased during tumorigenesis. From day 3 to day 7
VEGF and active cathepsin D were induced 7-fold and 4-fold respectively. Proteins
involved in electron transport, protein folding, blood coagulation, and transport
decreased during tumorigenesis. Identified proteins from this kinetic proteome
analysis elucidated tumorigenic processes during tumor progression and therapeutic
targets.
The second project in this thesis was the development and the successful use
of a novel biological therapy. Phage display technologies have been widely used for
the identification of tumor targeting peptides and antibodies, and phages are known to
be highly immunogenic. Two tumor specific phages were developed to test if
localizing phage particles to a tumor epitope would generate an anti-phage immune
response, and as a bystander effect, destroy the tumor. Tumor therapy using the
tumor specific phages was evaluated using the B16-F10 mouse model of melanoma.
Treatment with tumor specific phages was superior to treatment with non-specific
phages. We reveal a novel biological cancer treatment demonstrating that tumor
specific phages can promote regression of established tumors.
The third project in this thesis was a focused study for identifying therapeutic
targets by comparing protein expression of pro-angiogenic and pro-tumorigenic
molecules in normal vs. cancerous cells. Macrophage migration inhibitory factor
(MIF), a pleiotropic cytokine with pro-inflammatory, pro-angiogenic and protumorigenic properties, was discovered to be over-expressed in the B16-F10
melanoma cells and not in syngeneic melanocytes. The molecular mechanisms
underlying the role of MIF in tumorigenesis and angiogenesis are not well
understood, and to address these roles, an interfering MIF RNA (iMIF) was stably
introduced into the B16-F10 mouse melanoma cell line. When iMIF cells were

subcutaneously injected into C57BL/6 mice, tumor establishment was significantly
delayed and there was a marked absence of intratumoral vasculature in iMIF tumors
relative to controls. In microarray analyses of iMIF and control melanoma cell lines
thrombospondin 1 (TSP-1) mRNA expression was found to be up-regulated 55-fold
(p<0.05) in the iMIF cells, and a 2-fold increase in TSP-1 protein levels was observed
in iMIF cell culture supernatants. These results strongly suggest that reduced
vasculature and consequently the delayed tumor establishment in iMIF melanomas
are linked to the up-regulation of the anti-angiogenic TSP-1. They further define a
novel function of MIF as a regulator of TSP-1 and, thus, angiogenesis in a mouse
melanoma model.
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1 AIMS
The aim of this thesis was to identify novel molecular targets for cancer
therapy and to develop new therapeutic strategies in a widely studied mouse model of
melanoma. Therapies, whether standard or biological, directed at aggressive tumors
like the B16-F10 model often fail. Therefore, identifying new molecular targets to
enhance current therapeutics for progressive disease is necessary.
•

The first objective was to identify differentially expressed proteins in a
progressing tumor to elucidate the molecular mechanisms that reflect the in vivo
processes of tumor progression.

•

The second objective was to develop and test if tumor specific, filamentous
bacteriophages could be used as immunotherapeutic agents to promote tumor
regression.

•

The third objective was to screen and investigate differentially expressed proteins
in the B16-F10 tumor cell line that have pro-angiogenic and pro-tumorigenic
properties and that affect tumor establishment and progression.

1

2 INTRODUCTION
The concept of identifying molecular targets in disease was probably first
introduced in the 19th century by Paul Ehrlich when he proposed the concept of a
“magic bullet” (1). A magic bullet was a toxic compound that specifically targeted
and neutralized a pathogen, such as a disease causing bacterium, while leaving the
host unharmed. Within cancer research a molecular target is a specific molecular
attribute in a cancer cell or tumor tissue that may play a role in promoting disease
progression. Like Ehrlich’s magic bullets to eradicate pathogenic bacteria, ideal
molecular targets for cancer treatment or aversion would be those present only in
cancer cells or tumor tissues, and not in normal host cells or tissues. Unfortunately,
many of the molecular processes associated with cancer progression, such as
angiogenesis and tissue remodeling, are very closely related to the molecular
processes associated with normal tissue homeostasis, as in wound healing. Therefore,
identifying molecular targets for treating only cancer cells or tissues and not normal
cells or tissues, is a challenging task.
However, in the last two decades, this task has been aided by the development
of large scale –omics technologies. Microarray and proteomic analyses comparing
cancerous cells or tissues to normal cells or tissues, or comparisons in early
diagnosed cancers vs. end-stage cancers have revealed many differentially expressed
genes and proteins, and thus, a better understanding of the molecular mechanisms
associated with cancer. Some of the differentially expressed molecules identified
represent excellent candidates for targeted therapy, and have resulted in the
development of magic bullets for certain cancers in humans. For example HER2/neu,
an epidermal growth factor receptor over-expressed on aggressive breast cancer cells
can be blocked with the humanized antibody, trastuzumab, slowing disease
progression (2). Other molecular targets have been identified and exploited by
studying basic biological processes associated with tumor growth. For example, the
angiogenic promoting, vascular endothelial growth factor (VEGF) has been shown to
be induced in hypoxic tumors (3), and angiogenesis is crucial for the growth and
progression of solid tumors. The humanized antibody, bevacizumab, blocks VEGF,
and has been shown to delay disease progression in patients with colorectal cancer
(4), breast cancer (5), lung cancer (6), and renal cell carcinoma (7).
Trastuzumab and bevacizumab represent two passive specific (antibody)
biological therapies that have experienced success in treating cancer. However, the
identification of molecular targets by comparing benign and cancerous tissues or by
studying the processes associated with disease progression, has also revealed targets
for active specific (vaccine) biological therapies, such as the melanoma antigenencoding (MAGE) gene family (8). MAGE A, B, and C genes encode proteins that are
tumor specific making them excellent targets for vaccine therapy because they are not
expressed by normal melanocytes. However, the success of cancer vaccines, based
on actual tumor regression, has been modest at best (9), and compelling evidence has
emerged that the tumor microenvironment represents a major impediment of cancer
vaccines (10-13). Therefore, a better understanding of the biology of the tumor
microenvironment, which includes in addition to tumor cells, host cells, extracellular
matrix (ECM), chemokines and cytokines, will help improve and provide new
strategies and targets to enhance current cancer vaccines.
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Critical to the success of any cancer therapy is a basic understanding of the
molecular mechanisms causing the disease and promoting its progression. The efforts
put into understanding cancer biology, together with new technologies will unveil
new molecular targets and strategies for exploiting them. Therefore, in this thesis I
present mechanisms associated with tumor establishment and progression in a mouse
model of melanoma, and identify several molecular targets that are currently being
investigated in animal models. I also present a novel strategy for tumor therapy by
using a biological agent capable of targeting tumor cells and not normal cells, and
that promotes tumor regression in a mouse model of melanoma.
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3 TUMOR PROGRESSION
Tumor formation is a multi-step process that begins with aberrant behavior of
regulatory processes that govern homeostasis and proliferation in somatic cells, and
then progresses through a series of complex biological processes, such as
angiogenesis, tissue invasion, and metastasis (14). Early events in tumor formation
occur at the genomic level evidenced by the identification of mutations in tumor
suppressor genes such as, p53 and cyclin-dependent kinase inhibitor 2A (CDKN2A)
(15-17). It is estimated that 50% of all human cancers carry a mutation in p53 (18).
The transition from a small population of “unchecked”, dividing cells to an
invasive heterotypic cellular tumor mass involves cross talk between tumor cells and
their surrounding stroma. Tumor cells and stroma communicate in three predominant
forms: 1) extracellular soluble factors, 2) intracellular communication via second
messengers and signal transduction networks, and 3) intercellular communication via
cell-cell adhesion and gap junctions (19). It is known that rapidly dividing tumor cells
depend on stromal components to sustain growth and progress while utilizing these
communication mechanisms (20). Consequently, stromal components and the soluble
factors that stromal and tumor cells release represent ideal targets for impeding protumorigenic properties such as tissue invasiveness, angiogenesis, and
immunosuppression.
The final stage of tumor progression involves metastasis which is the process
when tumor cells leave the primary tumor, migrate through the surrounding stroma
into the blood or lymphatics, and colonize at distant sites (21). This stage accounts
for the majority of mortality in cancer patients (22).
3.1

PROTEOMICS AND CANCER

Proteomics refers to the global study of proteins in a cell, tissue, or organism
under specified conditions. Proteomic analyses provide information on the levels of
expression of each protein, how the levels of protein expression change under
different physiological parameters, post-translational modifications of proteins,
protein-protein interactions, protein localization and protein structure.
Proteomics has become a valuable tool for studying disease mechanisms,
diagnosis, and drug discovery, and it is becoming increasingly valuable in cancer
research, where it is estimated that 16% of the proteomics literature deals with cancer
research (23). Within cancer research proteomics is being applied to search for
biomarkers that can be used for diagnosis, prognosis, and identifying drug targets as
well as studying the mechanisms involved in many cancers. The search for unique
molecular patterns or markers from tumor tissue biopsies has been actively pursued in
the field of cancer proteomics to enable better diagnoses and the potential for tailored
or personalized therapy (24). Certain tumors may be refractory to a treatment and
identifying a molecular pattern defining the tumor will be useful for selecting the best
treatment or combination of treatments (25).
The recent advances in mass spectrometry have made conducting proteomic
experiments feasible. It is possible to analyze complex mixtures of proteins from
tissues, body fluids, or cells by using separation techniques, such as 2D
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electrophoresis and high performance liquid chromatography (HPLC), together with
mass spectral techniques.
3.2

THE B16-F10 MOUSE MELANOMA MODEL

The B16-F10 mouse melanoma model was developed by Fidler (26) in 1975
by injecting B16 melanoma cells intravenously into syngeneic mice, and harvesting
lung nodules that formed from the injected tumor cells. The lung nodules were put
back into culture, expanded, and then injected into new animals. Ten rounds of in
vivo selection were performed, and thus the cells were called B16-F10. Fidler
generated a highly aggressive tumor cell line performing these experiments because
increased numbers of lung nodules correlated with the higher rounds of selection.
Also, the cells capable of forming tumor nodules increased their invasive properties
when implanted subcutaneously, and they did not revert to a less aggressive
phenotype after subculturing in vitro.
The B16-F10 mouse melanoma model is one of the most studied models in
the field of cancer in areas including oncogenes and tumor suppressor genes (27-29),
protein-protein interactions (30), and metastasis (31). It has also been used to study
therapeutics of solid tumors including pharmacological compounds (32),
immunotherapy (33, 34) and interfering RNAs (35). We selected this model based on
its aggressiveness when injected subcutaneously in C57BL/6 mice and its
reproducibility. The B16-F10 mouse melanoma model does not directly mimic the
progressive metastatic melanoma in humans (36). Modeling melanoma in mice has
proven challenging simply because human skin and mouse skin are very different. In
mice, melanocytes are present in the hair follicles and the dermis, whereas in humans
melanocytes are present in the epidermis. Studying the establishment and growth of
the B16-F10 mouse melanoma after injecting a single cell suspension of this
aggressive tumor, has however, enabled us to study in vivo the processes of
angiogenesis, tumor metabolism, and tissue invasion.
3.3

ANGIOGENESIS

Solid tumor progression is dependent on the ability of the tumor to obtain a
blood supply to provide nutrients and oxygen to the growing tissue (37, 38). A tumor
cannot progress beyond 1-2 mm in diameter without a blood supply; therefore, an
early event in tumor progression is angiogenesis (39). Angiogenesis is the process of
sprouting from pre-existing capillaries or post capillary venules followed by
stabilization of the sprouts with mural cells (pericytes or smooth muscle cells) (39,
40). During tumor progression the transition from a population of avascular tumor
cells to sprouting of nearby capillaries has been called the angiogenic switch (14).
The angiogenic switch is mediated by the up-regulation of activators of angiogenesis
(e.g. vascular endothelial growth factor (VEGF), fibroblast growth factors (FGFs),
platelet-derived growth factor (PDGF), and epidermal growth factor (EGF)) and the
down-regulation of inhibitors of angiogenesis (e.g. thrombospondin 1 and
angiostatin), and these activators and inhibitors are produced by tumor and
surrounding stromal cells (39, 41).
Hypoxia or reduced tissue oxygen tension is one of the main regulators for
angiogenic activators. Tissues are oxygenated by diffusion; however, tissue growth
beyond the boundaries of diffusion results in hypoxia ultimately requiring
angiogenesis (40). Hypoxia can also be caused by a lack of circulation in the tumor
mass. It is well known that tumor vasculature is leaky and hemorrhagic, causing
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increased tumor interstitial pressure, and increased tissue pressure results in decreased
or even static blood flow (42). Under hypoxic conditions, the hypoxia inducible
transcription factors (HIFs) regulate activators of angiogenesis, including the
promoter region of VEGF; consequently, VEGF gene expression is up-regulated 30fold within minutes by HIF transcription factors (3).
VEGF has been reported to have an effect on immune cells. Professional
antigen-presenting cells (APCs), often referred to as dendritic cells (DCs), are an
important component of the adaptive immune system for priming active specific T
cell responses. They are often present as resident cells in non-lymphoid tissues such
as the epidermis of the skin where they are called Langerhans cells (LCs) (43). LCs
are immature in the epidermis until they are given a maturation signal such as
endotoxin or from endogenous cytokines being produced locally (44). Once matured,
these cells sample antigens, process them, and present peptides in the context of
major histocompatability (MHC) molecules to naïve T cells inducing epitope specific
immune responses. Human tumor derived VEGF has been shown to inhibit the
functional maturation of DCs (45), suggesting that VEGF in the tumor
microenvironment may have a deleterious effect on APCs that prime adaptive
immunity.
Additionally, VEGF has been shown to be a chemoattractant for macrophages
(46). Since macrophages are recruited to sites of avascular areas and secrete VEGF
(47), they support rapid vascularization of tumors (48). Tumor associated
macrophages (TAMs) have other immunosuppressive properties which will be
discussed later.
3.3.1 Thrombospondin 1
Thrombospondin 1 (TSP-1) was the first endogenous protein to be identified
as an inhibitor of angiogenesis (49). TSP-1 directly interacts with endothelial cells
inhibiting their migration and tube formation and induces receptor mediated apoptosis
(50, 51). TSP-1 expression has also been shown to be inversely correlated with
malignancy in melanoma, breast, and lung carcinoma cell lines (52). Additionally
Lawler, et al. show that B16-F10 tumors establish faster in TSP-1 null mice compared
to wild-type mice, and that intratumoral vessel density is increased in tumors grown
in the TSP-1 null mice (53). Therefore, these findings implicate TSP-1 as a potent
inhibitor of tumorigenesis by blocking angiogenesis.
The thrombospondin family of proteins is divided into two subfamilies, A and
B, based on their structural organization. Family A comprises the homotrimeric
proteins, TSP-1 and TSP-2 (54-56), while family B is comprised of the pentameric
proteins TSP-3, TSP-4 and COMP (cartilage oligomeric matrix protein, also
thrombospondin 5) (57-59). In the adult, the major sites of TSP-1 expression include
the platelet α-granules, activated endothelium, and monocytes (60). TSP-1 and TSP2 are considered matricellular proteins because they largely influence cell matrix
interactions with cell surface receptors, cytokines, growth factors, and proteases (61).
An example of one such cell matrix interaction comes from the finding that residues
in the 3 type 1 repeats present in the thrombospondin 1 domains (Fig. 1) convert
latent TGF β to active TGF β (62, 63), which resulted in a dose-dependent
suppression of B16-F10 melanoma cell growth in vitro (64). These experiments
demonstrate that TSP-1 has multi-functional roles for inhibiting tumorigenesis. It
directly affects tumor angiogenesis through endothelial cell interactions, and also
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indirectly affects tumor cells through its interactions with other proteins, such as TGF
β.

Figure 1. TSP-1 subunit depicting the domain structure of the molecule. Modified from
http://atlasgeneticsoncology.org.

3.4

TUMOR METABOLISM

Tumor cells alter their metabolism to support and sustain growth, and as a
result, the tumor microenvironment has low glucose levels and an acidic pH. In 1930
Otto Warberg (65) demonstrated that tumor cells have increased rates of glycolysis
compared to normal cells under normoxic conditions. Flier, et al. (66) demonstrated
that fibroblasts transformed with oncogenes up-regulate glucose transporter RNA.
Additionally, the HIF transcription factors have been shown to up-regulate genes
encoding a number of glycolytic enzymes (67). Taken together these data
demonstrate that tumor cells consume glucose at higher rates than normal cells, and
ultimately lower or deplete the glucose content in the tumor microenvironment. The
end product of glycolysis is pyruvate which is converted to lactate and removed from
the cells by H+ symporters (68). Lactic acid build up in the interstitial space in
tumors, due to abnormal lymphatics, is a contributing factor for the low pHe (69).
The extracellular space of the tumor has a lower, slightly acidic pHe than normal
tissues (5.6-7.6), while the intracellular pHi of tumor cells has been measured to be
higher or slightly alkaline (6.9-7.4) (13).
The low pHe and the decreased level of glucose in the tumor
microenvironment influence infiltrating cells. A gene array performed on the
differentiation of T lymphocytes from the naïve state to the killer state revealed the
up-regulation of genes encoding glycolytic enzymes (70). This finding suggests that
cytotoxic T lymphocytes (CTLs) demand high levels of glucose, and a lack of
glucose in the tumor microenvironment may cause them to be dysfunctional (68).
Acidic pHe also causes dysfunction of the cytolytic activity of lymphocytes. The
release of perforin granules is one mechanism by which CTLs kill their targets (71),
and lower pHs decrease perforin activity (72). Taken together a low glucose and a
low pHe are biochemical properties of the tumor microenvironment that negatively
impact CTLs stimulated to kill tumor cells.
3.5

TISSUE INVASION

The process of tissue invasion is complex because it involves many cell types,
extracellular matrix (ECM) components, and proteinases. As mentioned earlier, cells
maintain normal tissue homeostasis due to communication signals between one
another and with the surrounding ECM (20). There are two classes of molecules that
are important for this communication, cell-cell adhesion molecules (CAMs), and
integrins that bridge cells to ECM components. In cancer cells, the expression of
many of these molecules is abnormal, resulting in abnormal communication with
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their surrounding cells, potentiating invasion (19, 73). There exist more than 22
different subtypes of integrins, and forced expression of certain integrins on tumor
cells, causes invasive and metastatic behavior (14, 74). The classes of enzymes that
degrade ECM and cell surface proteins, resulting in tissue remodeling and growth,
are: 1) the matrix metalloproteinase (MMP) family of secreted and membrane
proteinases, 2) the adamalysin-related membrane proteinases, 3) the bone
morphogenetic protein 1 family proteinases, and 4) the tissue serine proteinases
including thrombin, tissue plasminogen activator (tPA) urokinase (uPA) and plasmin
(75). Proteinases may act on ECM to free cells from cell cycle arrest, facilitate
differentiation, enhance invasion, or release latent growth and angiogenic factors
(76).
3.6

THE TUMOR MICROENVIRONMENT

The tumor microenvironment is a heterotypic cellular environment (Fig. 2).
In addition to tumor cells, there are host, or stromal, cells such as fibroblasts,
endothelial cells, and immune cells, and each of these cell types has the capacity to
promote tumor progression and immunosuppression. With the exception of
angiogenesis inhibitors, most anti-tumor therapeutics, whether biological, or
chemical, are focused on targeting and killing tumor cells (4, 77-79). However,
evidence that solid tumor progression is dependent on the interactions among
surrounding host cells, has highlighted a vulnerability of solid tumors, and is
currently being investigated for therapy.

Figure 2. Representative cartoon of a heterotypic tumor microenvironment. Modified from
Hanahan, et al. (14).

3.6.1 Altered Stromal Cells
Evidence that altered stroma has the ability to promote tumorigenesis was
demonstrated by Barcellos-Hoff, et al. showing that transplanting the nontransformed mammary cell line, COMMA-D, into fat pads of mice containing
irradiated fibroblasts, induced significantly more tumors compared to mice containing
non-irradiated fibroblasts (80, 81). This study demonstrated that altered tumor
stroma, in this case fibroblasts, were capable of driving aggressive tumor progression.
Cancer associated fibroblasts (CAFs) or myofibroblasts are the most abundant
stromal cell type in many solid tumors, and they differ morphologically and at the
molecular level from normal fibroblasts (82). They are responsible for the synthesis,
8

deposition, and remodeling of most of the extracellular matrix (ECM) in tumor
stroma (83). Thus, targeting CAFs and the differentially expressed proteins they
express compared to normal fibroblasts, represents a sound approach for solid tumor
therapy.
Other evidence that altered tumor stroma drives processes of tumor
progression, such as tissue invasion and angiogenesis, is demonstrated by the
presence of alternatively activated, or M2, tumor associated macrophages (TAMs)
(84). TAMs appear to play a trophic role in the tumor microenvironment by
scavenging debris, promoting angiogenesis and tissue invasion, and they also have
poor antigen presenting capabilities, and produce immunosuppressive cytokines (12,
48). M2 macrophages are functionally different than macrophages from healthy or
inflamed tissues (M1), which are capable of lysing cells, presenting tumor-associated
antigens to T cells, and expressing immunostimulatory cytokines.
More than a century ago Virchow proposed that cancers originated at sites of
inflammation (85). The functional relationship between cancer and chronic
inflammation brought on by tissue response to injury remains actively studied; for
example, persistent heart burn and esophageal adenocarcinoma, Helicobacter pylori
and stomach cancer, and inflammatory bowel disease and colon carcinoma (86).
Macrophages are among the first cells present at sites of wounding and infection
where they produce cytokines and chemokines to recruit immune cells, growth
factors, angiogenic factors, and proteases to repair tissue. During normal tissue repair
all of these mechanisms are tightly regulated, so that when the tissue has healed, these
processes are turned off. As highlighted throughout this introduction, these tissue
repair processes are very similar to the processes of solid tumor progression; the
difference in tumors is that these processes are not properly regulated. Based on the
similarities among the processes of tumor progression and wound healing, Dvorak
called tumors “wounds that do not heal” (87).
The presence of macrophages in many tumors is considered a poor prognostic
marker. By combining reports on the relationship between TAM density in solid
tumors and prognosis, more than 80% show a significant correlation between TAM
density and poor prognosis, whereas less than 10% associate TAM density with a
good prognosis (48). Circulating monocytes are recruited to tumors by a series of
chemotactic chemokines such as; monocyte chemoattractant protein (MCP),
macrophage inflammatory protein-1α (MIP-1α), vascular endothelial growth factor
(VEGF), and macrophage migration inhibitory factor (MIF), and many of these are
secreted directly by tumor cells (48, 88). Once monocytes reach the tumor mass the
cytokine profiles that are present in the tumor microenvironment influence the
differentiation of the cell. The soluble factor, colony stimulating factor-1 (CSF-1), is
one of these molecules and drives monocytes to become more like M2 or trophic
macrophages; whereas membrane bound CSF-1 drives monocytes to become more
like M1 or cytolytic macrophages (48).
Dendritic cells (DCs) are also of the monocyte lineage, and are differentiated
by the cytokine milieu in tumor microenvironment. They are important for the
induction of adaptive immune responses to mount epitope specific anti-tumor
immune responses. The presence of interleukin-4 (IL)-4, and granulocyte
macrophage-colony stimulating factor (GM-CSF) induces differentiation of
monocytes to immature DCs (89). As described earlier, DCs receive maturation
signals, enabling them to take up antigen, migrate to local lymph nodes and prime cell
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mediated, anti-tumor immune responses. Notably, DCs found in neoplastic tissues
are often immature and defective in their ability to stimulate T-cell mediated immune
responses (90). The ability of the local tumor microenvironment to block maturation
of DCs is one mechanism by which the tumor microenvironment can control adaptive
immunity.
3.6.2 Tumor Cells
Tumor cells present within the microenvironment also demonstrate protumorigenic and immunosuppressive properties through expression or lack of
expression of certain cell surface and soluble proteins. As described above tumor
cells have the capacity to secrete chemokines that recruit inflammatory cells to
promote angiogenesis and tissue invasion. They also have the capacity to secrete
proteins that directly affect elicited immune responses such as interleukin (IL)-10.
IL-10 has been shown to be expressed by tumor cells and by infiltrating stromal cells
(91). IL-10 inhibits anti-tumor immune responses by inducing down regulation of
major histocompatability (MHC) molecules on the surface of tumor cells (92). Low
MHC on the surface of tumor cells does not allow tumor derived peptides to be
presented for cytotoxic T lymphocyte (CTL) recognition. Additionally, IL-10,
similar to VEGF, is an immunosuppressive factor of DCs. IL-10 disables DC
differentiation, maturation, and migration, and therefore represents a major
obstruction for inducing anti-tumor immunity (93).
Tumor cells express several immune inhibitory ligands on their cell surface
that can directly kill CTLs that have been activated to target and kill tumor cells. The
death of T-lymphocytes is a crucial part of normal immune function (94). Activationinduced cell death of T-lymphocytes, mediated by Fas/Fas-ligand (Fas-L)
interactions, is one mechanism that the immune system uses to blunt T-cell responses
thereby preventing auto-immunity (95). Many tumor cells of non-lymphoid origin
have been show to express Fas-L, ultimately killing CTLs that have been elicited to
destroy tumor cells (96, 97). Another tumor cell surface receptor that is capable of
lysing CTLs is programmed death-1 ligand (PD-1L). PD-1L is a potent attenuator of
immune responses and is expressed on lymphoid and non-lymphoid tissues, and on
tumor cell lines and antigen presenting cells (APCs) after treatment with interferongamma (IFN-γ) (98, 99). Its receptor, programmed death-1 (PD-1) receptor, is
present predominately on the surface of activated lymphocytes (100, 101). Recently
it was shown that interfering with PD-1/PD-1L interactions may augment killing
function of CTLs in the tumor microenvironment (102). There exist other cell surface
proteins that affect elicited immune responses, but Fas-L and PD-1L expression
represent two direct receptor/ligand interactions that tumors possess for killing the
killers.
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4 FILAMENTOUS BACTERIOPHAGE
Filamentous bacteriophages (phages) are viruses that infect and replicate only
in suitable prokaryotic hosts. The Ff family of phages (fd, f1 and M13) are
commonly used in biomedical research and they only infect Escherichia coli through
the F pili receptor on the surface of the bacterium; “F” stands for the F pili receptor
on E. coli, and “f” stands for filamentous (103). A cartoon of the lysogenic M13
phage is shown in Figure 3. The virion is approximately 900 nm long and 6 nm thick,
consists of circular, single stranded DNA (ca. 6400 bases), and is surrounded by a
protein coat (104-106). The 6400 bases contain 10 coding genes (I-X). Genes III,
and VI-IX code for coat proteins (p) and are responsible for the structural integrity of
the virion; the remaining 5 gene products are responsible for DNA synthesis and viral
assembly (103). Two of the genes coding for coat proteins pIII and pVIII are of
particular importance because they are commonly exploited for displaying fusion
proteins, a concept called phage display. There are 5, pIII, minor-coat proteins
expressed at one end of the virion, and in addition to maintaining structural integrity
of the phage, they are responsible for the absorption of viral DNA into E. coli. via the
F pili (107, 108). There are between 2,700 and 3,000 copies of the pVIII, major coat
protein that extend the length of the virion and represent the most abundant coat
protein (104, 108).

Figure 3. Cartoon of M13 filamentous bacteriophage. Modified from
http://www.molgen.mpg.de/~in-vitro/technology.html.

4.1

PHAGE DISPLAY

Phage display was introduced by George Smith in 1985, when he
demonstrated that a foreign protein could be displayed on the minor-coat protein, pIII,
of filamentous bacteriophages, and importantly, the displayed fusion protein did not
interfere with the phage’s ability to infect E. coli and replicate (109). Additionally,
he showed that it was possible to select and enrich for the fusion-phage from a pool of
phages, if an antibody was available for the fusion protein displayed on the virion.
These pioneering experiments paved the way for this technology to be utilized
therapeutically and diagnostically in a multitude of biomedical disciplines. For
example, phages have been bioengineered to be messengers delivering DNA to
eukaryotic cells (110), and radionuclides for imaging tissues (111).
Five years after Smith’s report, phage libraries, engineered to display random
peptides, were reported (112-114). The phage libraries constructed at that time
typically consisted of tens of millions of independent clones of phage particles and
each clone expressed a unique peptide. These libraries demonstrated that high
affinity ligands could be identified for antibodies whose specificity was unknown, by
mimicking the structure of the endogenous ligand (114, 115). Today, some
commercially available phage libraries contain more than 109 independent clones,
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such as New England Biolab’s, Ph.D.-12™ Phage Display Peptide Library which
express unique peptides 12 residues long as a fusion protein with the pIII minor coat
protein on the M13 phage. This library, like others, can be used to identify high
affinity antibodies and peptides through a process called panning. Panning is a
selection process performed in vitro and/or in vivo through the process of positive or
negative selection. The process of positive selection, depicted in Figure 4, shows a
random library of peptide expressing phages being injected into a tumor bearing
mouse. Harvesting only the tumor tissue and amplifying the phages from the tumor
tissue positively selects phages with high affinity for the tumor, while the remaining
phages, binding epitopes on other tissues, are discarded (negative selection).
Although not depicted in this figure, multiple phage clones from a library would bind
the tumor tissue in early rounds of selection; therefore, subsequent rounds of selection
would be necessary to enrich for higher affinity binders. The process of organ
targeting using phage display peptide libraries as depicted in Figure 4 was
demonstrated by Pasqualini in 1996 (116).

Figure 4. In vivo panning in tumor bearing mice.

4.2

PHAGES AS TUMOR VACCINES

It is well documented that tumors, and tumor stroma express epitopes that are
unique to tumor tissue, and with the proper selection scheme, tumor specific peptide
expressing phages can be identified against those tumor antigens and exploited
therapeutically. This was elegantly demonstrated by Arap, et al. in a mouse tumor
model, where he showed that coupling the cytostatic agent, doxorubicin, to a peptide
specific for tumor vasculature identified by phage display panning experiments,
resulted in 100 percent treatment of tumor bearing mice (117). A similar finding was
also demonstrated in a mouse model of prostate cancer (118).
Fusing an identified peptide from panning experiments to a cytostatic drug
represents one way of exploiting phage display technology to treat tumors. However,
an alternative method would be to utilize the inherent immunogenicity of phages and
use them as vaccines to elicit innate and/or adaptive immune responses against the
tumor. Phages have been shown to induce humoral (119, 120) and cellular immune
responses (121, 122), and represent potent passive specific immune response
stimulating reagents. Phages contain multiple CpG sequences in their genome
promoting both adaptive and innate immune responses via signaling through toll-like
receptor 9 (123), and phages induce production of pro-inflammatory cytokines (122).
Additionally, phages are relatively innocuous in animals because they do not infect
eukaryotic cells, they are rapidly cleared with minimal toxicity when administered
(124-126), and phages are efficient at extravasating into tissues (127). The
accumulation of phages within the tumor mass would stimulate a potent immune
response; therefore, phages can be used as immunotherapeutic agents to eradicate
tumors.

12

5 MACROPHAGE MIGRATION INHIBITORY FACTOR
Macrophage migration inhibitory factor (MIF) is a pleiotropic protein that was
first discovered in 1966, and shown to be secreted by T lymphocytes inhibiting the
random migration of macrophages in vitro (128). Since then MIF has been associated
with numerous inflammatory associated diseases including rheumatoid arthritis and
atherosclerosis (129), and more recently has been implicated in promoting tumor
progression, and modulating immune responses. (130). MIF is considered a proinflammatory cytokine, because it is a counter-regulator of the anti-inflammatory
function of glucocorticoids (131), and because it induces the production of proinflammatory cytokines such as, tumor necrosis factor-alpha (TNF-α) in monocytes
(132). Glucocorticoid hormones are released in response to stress by the
hypothalamus-pituitary-adrenal (HPA) axis, and whether secreted endogenously or
given exogenously, they are potent anti-inflammatory and immunosuppressive agents
(131, 133). Investigation of systemic mediators in mice that modulate stress and
infection, demonstrated MIF was a major secretory product of anterior pituitary cells,
and comprised 0.05% of the total pituitary protein, similar to other pituitary hormones
(134). MIF is 114 amino acids long, and has a molecular mass of 12.3 kilo Daltons.
MIF is a homotrimer and human and mouse MIF protein sequences are 90%
identical. MIF does not have a signal sequence (131); however, after bacterial
lipopolysaccharide (LPS) stimulation, corticotrophic pituitary cells were shown to
release secretory vesicles containing only MIF, and MIF plus other hormones (134).
Based on these data MIF appears to behave as a “pituitary hormone”.
MIF was later described in intracellular stores of resting monocytes and
macrophages, and released in response to pro-inflammatory cytokines (135). As
mentioned earlier recombinant MIF was shown to induce the production of TNF-α in
monocytes. Interestingly, Calandra et al. (136) showed that the glucocorticoid,
dexamethasone, induced MIF secretion in macrophages in a bell shaped curve; MIF
concentration was low at physiological doses, then increased with dose, and
decreased at higher non-physiological concentrations. In order to understand the
mechanism of anti-inflammatory molecules (glucocorticoids) causing monocytes and
T cells to secrete the pro-inflammatory cytokine (MIF), Calandra et al. (136)
performed the following experiments. They first showed in vitro that MIF can
overcome the inhibitory effects of dexamethasone on monocytes in a dose dependent
fashion. Secondly, if MIF and glucocorticoids were administered to mice 2 hours
before a lethal dose of LPS was given, the mice survived. This result was later
confirmed in a MIF knockout mouse model showing that MIF -/- mice do not
succumb to lethal doses of LPS, and they have lower levels of plasma TNF-α (137).
These data implicate MIF as a potent regulator of the host’s immune cell activation
status during stress or infection, which is capable of preventing septic shock.
MIF was also discovered in high concentrations in the anterior chamber of the
eye and was described as one factor that conferred immune privilege in the eye (138).
MIF, transforming growth factor-beta (TGF-β), and Fas-ligand are some of the
components in the anterior chamber of the eye that define it as an immune privileged
site (139). The term immune privilege was first coined in the 1940s by Medawar
when he was repeating similar experiments conducted 60 years earlier by van
Dooremaal (139). Medawar showed in rabbits that foreign skin grafts transplanted
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into the brain and the anterior chamber of the eye survived, whereas, the same foreign
skin grafts transplanted under the skin were rejected. Since then, immune privilege
has been extensively studied, and some of the mechanisms explaining this concept
have been elucidated. Some tumors have been described as immune privileged tissues
because they express unique tumor associated antigens and they are not rejected.
Interestingly, tumors contain many of the same soluble and cell-surface factors
present in the anterior chamber of the eye, and it has been proposed that these factors
contribute to tumor survival.
5.1

ROLE IN TUMOR PROGRESSION

The pro-inflammatory function of MIF and its role in modulating immune
responses prompted experiments to elucidate its role in tumorigenesis. MIF is
overexpressed in many human cancers including prostate, breast, skin, and
neuroblastoma which has highlighted it as a pro-tumorigenic factor (140-143).
MIF promotes tumor progression by helping modulate tumor angiogenesis.
MIF and vascular endothelial growth factor (VEGF) mRNA expression were strongly
correlated (p<0.0001) in a study of 35 human glioblastomas (144). Also, MIF
expression has been shown to be strongly induced in glioblastoma cells in response to
hypoxia (145). Additionally, MIF was shown to induce tube formation and migration
of endothelial cells in vitro (146). These data strongly suggest MIF promotes tumor
progression by enhancing angiogenesis. As described earlier, tumor associated
macrophages (TAMs) are potent inducers of angiogenesis, and Bernhagen, et al.
(132) confirmed that adding recombinant MIF to monocytes/macrophages inhibited
their migration. Based on these findings, MIF in the tumor microenvironment may
act to contain TAMs that have been sequestered to the tumor, thereby promoting
tumor progression.
5.2

ROLE IN IMMUNOREGULATION

MIF has been studied extensively in the context of inflammatory responses,
but its role in cancer biology has not been fully elucidated. Recently, Hagemann et
al.(147) co-cultured macrophages with ovarian and breast cancer cell lines and show
that MIF was a down stream target of TNF-α dependent activation of Jun N-terminal
kinase (JNK) and nuclear factor (NF)-kappa-beta in tumor cells. This study
demonstrated that macrophages can induce MIF expression in tumor cells.
Neuroblastoma cells were shown to secrete large amounts of MIF, and tumor derived
MIF blocked T lymphocyte activation in vitro, and induced cell death in activated Tcells in culture through an IFN-γ pathway (148). Taken together these reports suggest
a mechanism by which TAMs, which are stromal cells, interact with tumor cells to
produce MIF which could ultimately affect cell mediated immunotherapy directed to
kill tumor cells. Therefore, inhibition of MIF in tumor cells when administering
immunotherapy may represent a rational approach for solid tumor therapy.
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6 RESULTS AND DISCUSSION
6.1

PAPER I

In paper I we elucidated processes of tumor progression in the B16-F10
mouse melanoma model by identifying differentially expressed proteins in the tumor
mass at 4 different time stages. High resolution 2D gel electrophoresis was used to
resolve the tumor proteins, and multiple statistical approaches were used to select
with high confidence, protein spots on the gels that were differentially expressed and
that demonstrated a very low fold change. This was important because the tumor
mass was >90% tumor cells at all time stages, and large stromal changes would still
be seen as small relative changes in protein expression. We identified protein spots
by matrix assisted laser desorption ionization time of flight mass spectrometry
(MALDI-TOF-MS), and we validated our findings from the comparative proteome
analysis by probing for cell types and proteins that correlated with the proteins
identified.
A trend analysis revealed 53 protein spots (p < 0.001) that fit into 6
predominant kinetic paths: continuously increasing and decreasing spot expression,
and 4 sporadic patterns of spot expression. This trend analysis demonstrated that
protein expression is dynamic in an in vivo progressing tumor, and highlights the
importance of studying multiple time points during disease progression for biomarker
and therapeutic target discovery.
Proteins up-regulated during tumor progression were associated with
glycolysis, inflammation, and wounding and proteins down-regulated during tumor
progression were associated with transport, protein folding, and blood coagulation. A
heat map was plotted from a classification analysis on the 4 time stages, and
demonstrated that there was a progressive change in the expression of 44 protein
spots (p < 0.01); interestingly, these 44 proteins defined a clear switch in the biology
of the tumor between day 5 and day 7. The switch in high abundant protein
expression between day 5 and day 7 suggests that there were significant changes in
protein expression in the progressing tumor mass, and these differentially expressed
proteins represent potential therapeutic targets.
Thirteen of the 44 protein spots were decreasing forms of albumin. The
dramatic drop in the forms of albumin support the view that tumors accumulate serum
proteins and use them as an energy source (149). Additionally, these tumors may be
consuming albumin to help regulate the interstitial pressure. The build up of albumin
within the tumor mass contributes to high interstitial pressure and decreased blood
flow, which is detrimental for sustained tumor growth (150). Because of the dramatic
drop in the forms of albumin, we immunoblotted for the main protease responsible
for degrading albumin in lysosomes, cathepsin D (151). Cathepsin D expression was
induced 4-fold by antibody reaction between day 3 and day 7, and by day 7, its
expression levels were similar to B16-F10 cells grown in albumin rich, fetal calf
serum. In this model cathepsin D represents a potential therapeutic target for tumor
therapy. Inhibition of cathepsin D activity could block albumin degradation, and
remove a source of nutrition for the tumor.
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Hematoxylin and eosin staining of the tumor tissues revealed significant areas
of necrosis in the day 7 and day 10 tumors. Additionally, we observed an increase in
the expression of many glycolytic proteins that have been reported to be regulated by
the hypoxia inducible transcription factors (HIFs) (152). Therefore, we wanted to
investigate the kinetics of mediators of angiogenesis in this tumor model. Vascular
endothelial growth factor (VEGF) was induced 7-fold between day 3 and day 7, and
there was a dramatic increase in CD31 (endothelial cell marker) staining, between
day 3 and day 7. Tumor associated macrophages (TAMs) infiltrated day 7 tumors
and localized to the areas of necrosis in the tumor mass. The increase of VEGF,
CD31 positive cells and TAMs indicate the onset of angiogenesis, and suggest that
these factors contribute to the pro-tumorigenic properties of the tumor
microenvironment.
2D gel electrophoresis is labor intensive and is plagued with technical
variation in all aspects of the technique, including protein staining, image collection,
and inconsistent migration of proteins on the gels. Meticulous attention to detail
throughout all steps of the technique is essential. Fortunately, there are software
packages available to help minimize the technical variation, enabling meaningful
results to be achieved. These software packages contain statistical algorithms for
analyzing the gels and yield differentially expressed protein lists with high
confidence. However, validation of these proteins by immunoblotting, or other
statistical methods will always be necessary when performing 2D electrophoresis.
Regardless of the challenges of performing a proteomics experiment using 2D gel
electrophoresis, it is one of the best methods for assessing differential protein
expression in complex protein samples. Using large format gels it is possible to
obtain the relative concentrations of more than 2000 proteins expressed in cells,
tissues or body fluids.
6.2

PAPER II

Phage display libraries have been widely used for the identification of tumor
targeting peptides and antibodies. Since phages are highly immunogenic, we
hypothesized that localizing phages to the tumor mass would promote a bystander
anti-tumor response. Therefore, we developed tumor specific peptide expressing
phages (PEP) and a Fab expressing phage, and evaluated their potential to treat
established B16 tumors.
In vitro and in vivo panning experiments on B16-F10 tumors using a PEP
library identified two tumor specific PEPs. The P4-2 tumor specific phage
represented four rounds of in vivo selections (Fig. 4). The WDC-2 phage represented
a mix of in vivo and in vitro selections in the following order: 2 in vivo, 1 in vitro, 1
in vivo and finally 1 in vitro. In addition to the PEPs we developed a Fab phage with
specificity to the A2Kb antigen that was transfected and expressed on B16-F10 cells.
The Fab fraction of an antibody represents the high affinity binding portion of the
molecule, and we wanted to test if a Fab phage-tumor interaction would promote a
stronger anti-tumor response than a PEP-tumor interaction. We evaluated the in vitro
specificity of all three phages to B16/A2Kb tumors using flow cytometry. Wild type
M13 phage and P4-2 PEP demonstrated very little specificity to the tumor cells and
stained 1.9% and 3.7%, respectively. However, the WDC-2 PEP and the Fab phage
demonstrated more specificity for the tumor cells staining 93% and 32.3% of the
tumor cells, respectively. Importantly, the WDC-2 PEP only labeled 3.4% of the
non-tumorigenic, melan-a cells, indicating that selection scheme for the WDC-2 PEP
yielded a tumor specific phage.
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We then evaluated the ability of tumor specific phages to treat established,
B16-F10 tumors. Mice were injected peritumorally with non-tumor specific Fabphages or tumor specific WDC-2 phages when the B16-F10 tumors reached a
diameter of ~3 mm, typically 7-10 days post tumor inoculation. The treatment was
administered every 3-4 days for two consecutive weeks and tumor progression was
monitored. Treatment with the WDC-2 tumor specific phage controlled tumor
growth in mice bearing B16-F10 tumors for 2 weeks compared to the non-specific
Fab-phage and PBS treated controls. The controlled tumor growth led to an increase
in survival of the mice between days 10 to day 16. No mice in the Fab-phage or PBS
treated groups survived more than 18 days compared to the WDC-2 treated group,
where 20% of the mice survived for 30 days post tumor challenge. These results
suggested that PEPs are capable of delaying progression of B16-F10 tumors.
To test if Fab-phage tumor interactions promoted stronger anti-tumor
responses than PEP-phage interaction we evaluated the peritumoral treatment of
established B16/A2Kb tumors with the A2 specific Fab-phage and the WDC-2 PEP.
Treatment with HLA-A2 specific Fab-phage and B16 specific WDC-2 phage resulted
in complete regression of established tumors and long term survival in 53% and 42%
of the mice respectively, and treated mice remained tumor-free for 2 months.
Treatment failure was not due to tumor escape through loss of the A2 antigen because
resected tumors from untreated mice exhibited the same level of HLA-A2Kb
expression (>90%) as prior to phage treatment. Although the treatment outcome of
the Fab treated animals was superior it did not significantly augment the treatment
compared to WDC-2 treatment. These observations strongly suggest that tumor
specificity of the phages, whether with a peptide or an antibody fragment, is critical
for mounting a potent anti-tumor response and promoting tumor regression and in
some cases clearance.
Since phages have been described as being highly immunogenic (120, 121),
and because we observed swelling followed by scab formation adjacent to the tumor
site in treated mice, we evaluated the cell populations at the injection site 24 hours
post phage administration. We stained sections with hematoxylin and eosin and
immunolabelled them for polymorphonuclear neutrophils (PMN), and found a
massive infiltration of PMNs in treated mice. Additionally, we evaluated the
potential of phages to produce T helper type I (Th1) cytokines, which are known to
augment anti-tumor immune responses. Splenocytes exposed to phages induced both
IL-12 (p70) and IFN-g by ELISA. The presence of PMNs and Th1 cytokines at the
injection site likely represents innate immunity reacting to the injected phage
particles. This was the desired effect we sought because substances PMNs release
will be deleterious to the tumor mass (153).
In this study we demonstrate that tumor-specific filamentous bacteriophages
are capable of promoting tumor regression. However there exist limitations and
potential dangers for using this approach for anti-tumor therapy. For example, one
limitation is that phages are highly immunogenic, and multiple injections of tumor
specific phages would give rise to neutralizing phage antibodies, hampering the
therapeutic effect. Another limitation is that certain phages may work in some
individuals and not in others. Additionally, we administer our tumor specific phages
peritumorally, and ideally they should be given intravenously. However, it may not
be possible to localize enough phage to the tumor to elicit the response we see in our
animal studies. The dangers of using tumor specific phages, as with any cancer
treatment, is that selection will occur for a more aggressive tumor. This however,
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could be circumvented by administering a cocktail of tumor specific phages, or using
adjuvant therapy.
6.3

PAPER III

In paper III we investigated the in vitro and in vivo effects of knocking-down
expression of the pleiotropic protein macrophage migration inhibitory factor (MIF) in
the B16-F10 mouse melanoma model. MIF was selected because of its poorly
understood pro-tumorigenic and pro-angiogenic activity associated with carcinomas,
and because we discovered MIF protein and mRNA expression levels were 2-fold and
3-fold higher, respectively, in the B16-F10 cells compared to syngeneic, nontumorigenic, melan-a cells. We hypothesized that reducing MIF expression in the
B16-F10 cells similar to expression levels in the melan-a cell line would produce a
less aggressive tumor phenotype. Here we report that inhibition of MIF expression in
the B16-F10 model produces a less aggressive phenotype through up-regulation of
the potent anti-angiogenic thrombospondin 1.
To test our hypothesis, an interfering MIF RNA (iMIF) was stably introduced
into the B16-F10 mouse melanoma cell line, reducing MIF mRNA expression 1.6fold and MIF protein expression 2.8-fold compared to control interfering RNA cells
(iRNA). Doubling times for iMIF cells were 60% of control iRNA cells, and iRNA
cells doubled similarly to the parental cell line, B16-F10. The iRNA cells resembled
the B16-F10 cell line, demonstrating epithelial-like cell morphology. They were
elongated, grew in foci, and cell to cell contact was prominent. However, the iMIF
cells had an atypical morphology. The iMIF cells were more rounded, they did not
form distinct foci like the iRNA cells during proliferation, and their distribution was
widespread on the surface of the flask. We then investigated the effects of inhibiting
MIF in the B16-F10 tumor cell line on in vivo tumor progression. iMIF and iRNA
tumor cells were subcutaneously injected into the flanks of C57BL/6 mice and tumor
volume was measured over time. iMIF tumors established slower than iRNA tumors,
and inoculating twice as many iMIF cells did not restore tumor establishment kinetics
to control levels.
To further elucidate the molecular mechanisms causing the differences in cell
proliferation in vitro and the delay in tumor establishment in vivo between iMIF and
iRNA cells, we performed a microarray analysis on the cell lines. The numbers of
differentially expressed genes that were 2-fold, 5-fold and 10-fold different between
iMIF and iRNA cells was 944, 82, and 25, respectively (p<0.05). Interestingly, the
potent angiogenesis inhibitor, thrombospondin 1 (TSP-1), was up-regulated 55-fold in
the iMIF cells, and notably, it was the highest up-regulated gene in the iMIF cells.
Since MIF is a secreted protein (154, 155), and because TSP-1 mRNA expression
was higher in the iMIF cells, we evaluated if TSP-1 protein levels were higher in the
supernatants of iMIF cells compared to iRNA cells. We discovered that iMIF cells
secreted 2-fold higher levels of TSP-1 protein than iRNA cells.
The secretion of TSP-1 protein in iMIF cell cultures strongly suggests a
mechanism explaining why iMIF cells proliferate at almost half the pace of control
iRNA cells in vitro. TSP-1 has been shown to convert latent transforming growth
factor beta (TGF β) to active TGF β (62, 63), resulting, in a dose-dependent
suppression of B16-F10 melanoma cell growth in vitro (64). Interestingly, the
microarray data also show a 3.5-fold induction of TGF β2 mRNA expression in the
iMIF cells.
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Thrombospondin 1 (TSP-1) has been described as a potent angiogenesis
inhibitor in part because it inhibits endothelial cell migration (49) and induces
apoptosis of endothelial cells via the CD36 receptor (50). Additionally, MIF has been
shown to be a pro-angiogenic factor by inducing vascular tube formation and
migration of endothelial cells in vitro (146). The finding that reducing MIF
expression enhances TSP-1 expression in B16-F10 cells motivated us to investigate
neovascularization three days after injecting iMIF and iRNA tumor cells. We
dissected the tissue and stained serial sections with hematoxylin and eosin (H&E),
and immunolabelled the sections probing for CD31, a membrane protein expressed on
endothelial cells of blood vessels (156). The iMIF tumors had markedly decreased
vasculature three days after tumor injection. The iRNA tumors presented multiple
tube-like structures containing erythrocytes throughout the tumor mass by H&E and
CD31 staining. No tube-like structures were evident within the iMIF tumors at day 3.
These results strongly suggest that reduced vasculature and consequently the delayed
tumor establishment in iMIF melanomas are linked to the up-regulation of the antiangiogenic TSP-1. They further define a novel function of MIF as a regulator of
TSP-1 and, thus, angiogenesis in a mouse melanoma model, and implicate MIF as a
potent molecular target in carcinomas.
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7 PRELIMINARY DATA FOR AN ANTI-TUMOR
VACCINE STUDY
The study reported in this section is ongoing and relevant to the thesis.
Included in this section is a proposed title and contributing author list, a brief
introduction as to why the experiments were conducted, preliminary data, and a
summary of the conclusions that can be made at this time. It is our intention that this
scientific endeavor be published, and thus it is written in an abbreviated manuscript
format.
7.1

TITLE AND AUTHORS

DNA vaccines encoding macrophage migration inhibitory factor and cathepsin
D as anti-cancer vaccines
W. David Culp*1,2, Fredrik Eriksson*1, Donita Garland2, Pavel Pisa1
*

The author’s contributions were equal.

1

Department of Oncology and Pathology, Cancer Center Karolinska, Karolinska
Hospital/Institute, 171 76 Stockholm Sweden, 2National Eye Institute, National
Institutes of Health, Bethesda, Maryland 20892.
7.2

INTRODUCTION

In paper I we show a correlation with the increase of cathepsin D protein
expression and a decrease of albumin protein expression. Albumin along with other
serum proteins accumulate in tumors and are believed to be a source of energy for the
tumor mass (149). Serum proteins require degradation in order to be utilized as
energy sources, and cathepsin D has been shown to be the major protease responsible
for albumin catabolism (151). Neutralizing cathepsin D therefore has the potential to
promote tumor starvation. It has also been shown in breast cancer that cathepsin D is
increased in the plasma of patients with metastatic disease (157). Although not well
understood, the secretion of Cathepsin D by tumor and stromal cells (fibroblasts and
macrophages) has been shown to promote pro-tumorigenic properties such as
angiogenesis, tumor cell survival, motility, and invasion (158).
In paper III we show that interfering with MIF expression in the highly
aggressive B16-F10 mouse melanoma tumor model caused the significant upregulation of the anti-angiogenic thrombospondin 1. Additionally, when the
interfering MIF (iMIF) B16-F10 tumor cells were subcutaneously injected into
C57BL/6 mice, tumor establishment was significantly slower and there was a marked
absence of intratumoral vasculature compared to controls. Once established, iMIF
tumors grew at similar rates as controls tumors, and this correlated with the
interfering MIF construct being lost in the proliferating tumor cells in vivo.
Therefore, constitutive inhibition of MIF expression would potentially cause tumor
establishment to be delayed longer or completely eliminated.

20

Paper I identified multiple molecular targets, including cathepsin D, and paper
III demonstrated MIF as a worthy molecular target for tumor therapy. We wanted to
test if neutralizing either of these proteins, using active specific immunotherapy,
would successfully inhibit tumor establishment or growth in two mouse tumor
models. In a Phase I clinical trial using a PSA encoding naked DNA vaccine
Pavlenko, et al. demonstrated that prostate-specific antigen (PSA) antibody responses
were achievable (159). Therefore, we developed naked DNA plasmids coding human
(xenogenic) and mouse (syngeneic) cathepsin D and MIF. Since cathepsin D and
MIF are considered “self”-proteins, and tolerated by the host, an alternative strategy
of immunizing with xenogenic encoding plasmids was employed to mount more
robust active specific immune responses. DNA constructs encoding human proteins
were included, because xenogenic immunizations have been shown to induce potent
anti-tumor immune responses against orthologous proteins (160). Mice were given
the vaccine and a boost, and 2 weeks later they were challenged with either B16-F10
tumor cells for C57BL/6 mice and Tubo, mouse mammary tumor cells, for Balb/c
mice. Our goal was to initiate an antibody response in vivo that would continuously
neutralize these proteins being produced by the tumors and that appear to be
important for tumor establishment and progression. Our preliminary data show that
the DNA vaccines encoding human and mouse MIF generate anti-MIF antibodies and
prolong survival of Balb/c mice, however, there was no survival or protection
observed in the B16-F10 mouse model.
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7.3

PROCEDURES AND FIGURES

Figure 5. Schematic representation of the mouse MIF-coding plasmid used as a naked DNA
vaccine. The same construct was used for the human MIF and human and mouse cathepsin D
constructs. The control plasmid was pVax without a gene of interest.

Figure 6. Schematic representation of the vaccine schedule and experimental time points.
Five mice per group were given naked DNA intradermally (i.d.) followed by electroporation
(e.p.) according to condition E described in Roos, et al. (161). Fourteen days after the boost,
animals were challenged subcutaneously (s.c.) with single cell suspensions of mouse
mammary tumor cells or mouse melanoma cells, and animals were monitored bi-weekly.
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Figure 7. Anti-MIF antibody ELISA on serum from Balb/c immunized mice. Error bars
represent duplicate wells for each mouse. *The serum sample was compromised and not
analyzed.

Figure 8. Survival curve from vaccinated, tumor challenged Balb/c mice. There were 5 mice
per group: mouse (M), human (Hu), pVax balb represents the empty gene vector control, and
ctrl balb represents mice that were not immunized.

7.4

RESULTS AND DISCUSSION

Using naked DNA as a vaccine was pioneered by the initial findings of Wolff,
et al., when he demonstrated that plasmid DNA encoding reporter genes could be
injected intramuscularly into mice, and significant expression of those reporter genes
was detectable in the injected tissues (162). DNA plasmids used for vaccination
typically include: (1) a prokaryotic origin of replication and an antibiotic resistance
gene for easy expansion and selection in bacteria, (2) a eukaryotic promoter to drive

23

gene expression in vivo, (3) the gene of interest, and (4) a polyadenylation signal. A
representative map of the DNA plasmid used in this study is shown in Figure 5.
In this study we developed plasmid DNA vaccines against mouse and human
MIF and cathepsin D to test if neutralizing these proteins using active specific
immunotherapy would impede tumor establishment or growth. DNA vaccines
against viral antigens have been shown to induce strong antibody responses against
the target of interest (163, 164), and with the expertise of the Pisa group in the field of
DNA vaccines, we wanted to target some of the identified molecules included in this
thesis. In Figure 6 we show the vaccine schedule used for this study. Five mice per
group were vaccinated with plasmid DNA, and 2 weeks later they were given a
vaccine boost. Ten days later they were bled for antigen specific antibodies, and four
days later they were challenged with tumor cells and monitored bi-weekly. We
included the Tubo mammary tumor model based on the literature showing that MIF
and cathepsin D are overexpressed in breast cancers (141, 158), and because Balb/c
mice typically produce higher antibody titers than C57BL/6 mice.
We did not observe significant antibody titers against MIF in vaccinated
C57BL/6 mice, and there was no significant difference in tumor protection, growth or
animal survival in experimental vs. control groups (data not shown). However, in the
Balb/c mice vaccinated with the mouse MIF plasmid DNA, 3 mice developed antiMIF antibody titers higher than pVax controls (Fig. 7). Unfortunately, one of the
blood samples was compromised, and we could only analyze blood from 4 mice in
this group. Also, 2 mice that received the human MIF plasmid developed anti-MIF
antibody titers higher than pVax controls (Fig. 7). Antibody titers for cathepsin D
have not yet been analyzed. These data demonstrate that anti-MIF antibodies were
detectable in some of the mice from the anti-MIF vaccinated groups.
While all of the Balb/c mice succumbed to tumor challenge, more mice in the
mouse and human MIF vaccinated groups survived longer than the cathepsin D
vaccinated groups and control groups (Fig. 8). Additionally, tumor growth was
slower in both the human and mouse MIF vaccinated groups (data not shown). It is
difficult to make strong conclusions with so few animals per group; however, we are
encouraged by these results showing that neutralizing MIF will promote survival and
slow tumor growth in this model system. Therefore, we have initiated a second set of
experiments with more mice to evaluate the efficacy of an anti-MIF cancer vaccine.
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8 PRELIMINARY DATA FOR A COMPARATIVE
PROTEOMIC ANALYSIS OF B16-F10 MOUSE
MELANOMA CELL LINES
The study reported in this section is ongoing and relevant to the thesis.
Included in this section is a proposed title and contributing author list, a brief
introduction as to why the experiments were conducted, preliminary data, and a
summary of the conclusions that can be made at this time. It is our intention that this
scientific endeavor be published, and thus it is written in an abbreviated manuscript
format.
8.1

TITLE AND AUTHORS

A comparative proteomic analysis on the effects of interfering with macrophage
migration inhibitory factor in B16-F10 tumor cells
W. David Culp1,2, Michael Burgio1, Pavel Pisa2, Donita Garland1
1

National Eye Institute, National Institutes of Health, Bethesda, Maryland 20892.
Department of Oncology and Pathology, Cancer Center Karolinska, Karolinska
Hospital/Institute, 171 76 Stockholm Sweden.

2

8.2

INTRODUCTION

In paper III we show that macrophage migration inhibitory factor (MIF) is
over expressed at the mRNA and the protein level in the B16-F10 tumorigenic cell
line compared to the non-tumorigenic, melan-a cell line. Therefore, we wanted to test
if reducing MIF expression in the B16-F10 cell line, similar to levels in the melan-a
cell line, would result in a less aggressive tumor phenotype. An interfering MIF
(iMIF) and a control interfering RNA (iRNA) cell line were developed. Reducing
MIF expression in the B16-F10 cells revealed a significantly less aggressive tumor
phenotype in vivo (Paper III), and the iMIF cells in vitro demonstrated an atypical
morphology. This observation provoked us to perform a comparative proteome
analysis on cell lysates and membrane preparations of iMIF and iRNA cell lines to
elucidate the molecular mechanism causing the less aggressive phenotype in iMIF
cells.
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8.3

PROCEDURES AND FIGURES

Figure 9. Representative photographs of iMIF and iRNA cell lines in culture.

Figure 10. 2D acrylamide gel of iMIF tumor proteins representing 5 gels. Cell lysates of
iMIF and iRNA cells were prepared in lysis buffer as described in Culp, et al. (150). Proteins
were focused on IPG pH gradient of 3-11, separated in a 15-18% polyacrylamide gradient
and stained with colloidal Coomassie. Progenesis’™ Discovery Workstation was used for
image analysis. Proteins identified by mass spectrometry are numbered, and correspond with
proteins in Table 1.
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Figure 11. 2D acrylamide gel of iRNA tumor cell membrane proteins, representing 7 gels.
Membrane proteins of iMIF and iRNA cells were prepared in a 10 mM Tris buffer, pH 7.5,
containing protease inhibitors. Samples were sonicated, centrifuged at 12,000 x g, and
supernatants were removed. This procedure was repeated once. The resulting pellets were
washed three times in Tris buffer, and the pellets were resuspended in lysis buffer as
described in Culp, et al. (150). Proteins were focused on IPG pH gradient of 3-10, separated
in a 15-18% polyacrylamide gradient and stained with colloidal Coomassie. Ludesi’s 2D
Analyzer and Interpreter software were used for image analysis. Proteins identified by
MALDI-TOF mass spectrometry are numbered, and correspond with proteins in Table 2.
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8.4

RESULTS AND DISCUSSION

We performed a comparative proteomic analysis on cell lysates and
membrane preparations of iMIF and iRNA cell lines to elucidate the molecular
mechanisms causing the less aggressive phenotype in iMIF cells. In paper III the in
vitro doubling times for iMIF cells were 60% of control iRNA cells. Additionally,
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the iRNA cells resembled the B16-F10 cell line, demonstrating epithelial-like cell
morphology. They were elongated, grew in foci, and cell to cell contact was
prominent. However, the iMIF cells had an atypical morphology. The iMIF cells
were more rounded, they did not form distinct foci like the iRNA cells during
proliferation, and their distribution was widespread on the surface of the flask (Fig.
9).
The aberrant phenotype of the iMIF cells suggested there were changes in the
proteome of the cells. Therefore, we performed high resolution 2D gel
electrophoresis on cell lysates, and a representative gel is shown in Figure 10.
Progenesis’™ Discovery Workstation was used to determine quantitative
differentially expressed proteins between the cell lines. We generated averaged gels
from sample replicates, and used an analysis of variance (ANOVA) to select
reproducible protein spots on the gels that were differentially expressed. Comparing
iMIF and iRNA tumor cell lysates, the numbers of up-regulated and down-regulated
protein spots greater than 1.5-fold were 47 and 23, respectively (p<0.05). The
positions on a gel for differentially expressed proteins identified by MALDI-TOF
mass fingerprinting and by nano-liquid chromatography mass spectrometry
(LC/MSMS) are indicated in Figure10, and in Table 1 are the most probable identities
of those proteins determined by the mass spectra. Multiple proteins were identified in
some spots by LC/MSMS and will require validation to determine which of the
proteins are changing. Functional annotation of the up-regulated proteins in iMIF
cells revealed clusters of proteins associated with glycolysis, chaperone activity, and
redox reactions. Proteins involved with nucleotide biosynthesis, glycolysis, signaling
and cytoskeletal reorganization were down-regulated in the iMIF cells
Since we identified predominantly high abundance proteins from the cell
lysates, and because of the apparent phenotypic difference in adherence of the iMIF
cells, we chose to fractionate our samples and enriched for membrane proteins. This
enrichment will also reveal differentially expressed proteins on intracellular
organelles. The membrane enriched fractions were separated by 2D gel
electrophoresis, and a representative gel is shown in Figure 11. Ludesi’s 2D
Analyzer and Interpreter software were used to determine quantitative differentially
expressed proteins between the cell lines. We generated averaged gels from sample
replicates, and used an analysis of variance (ANOVA) to select reproducible protein
spots on the gels that were differentially expressed. Comparing iMIF and iRNA
tumor cell, membrane fractions, the numbers of up-regulated and down-regulated
protein spots greater than 1.5-fold were 28 and 35, respectively (p<0.05). The
positions on a gel for differentially expressed proteins identified by MALDI-TOF
mass fingerprinting are indicated in Figure 11, and in Table 2 are the most probable
identities of those proteins determined by the mass spectra. Functional annotation of
the up-regulated proteins in iMIF cell membrane preparations revealed clusters of
proteins associated with glycolysis and energy processes. Proteins involved with
chaperone activity and redox reactions were down-regulated in the iMIF cell
membrane preparations. The low number of identified proteins identified from this
analysis does not enable a robust assessment of the processes that are significantly
changing in the membrane sample fractions. Therefore, we are currently identifying
more of the differentially expressed proteins from these experiments.
Six of the differentially expressed proteins identified from the cell lysates, and
from the cell membrane preparations were also found to be differentially expressed at
the mRNA level based on the microarray data from paper III. Five of the proteins:
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Cytochrome b5, Prostaglandin D synthase, Glucose-6phosphate dehydrogenase Xlinked, Cathepsin D, and Isocitrate dehydrogenase 3 (NAD+) alpha, were down
regulated at the mRNA and the protein level. However, Peptidylprolyl isomerase A
mRNA expression was decreasing, while the protein expression was increasing.
Future work on this project includes identifying more of the protein spots
from the membrane preparations, and validation of the proteins of interest by
immunoblotting. Additionally, more informatics analyses are required on the
identified proteins to identify a molecular mechanism for the phenotypic differences
in iMIF cells.
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9 CONCLUSIONS AND FUTURE PERSPECTIVES
The data presented in this thesis reveal mechanisms associated with tumor
establishment and progression in a mouse model of melanoma, and therefore, expose
molecular targets and strategies for therapy. Our kinetic proteome analysis of tumor
growth in the B16-F10 model demonstrated that protein expression in the tumor
microenvironment is extremely dynamic. The implications of this study stress that
the right kind of therapy must be administered at the right time during disease
progression. If the magic bullet cannot find its target, the therapy will likely fail.
In the proteomic analysis we also found many glycolytic proteins up-regulated
as the tumor grew. The consequence of this high rate of glycolysis, common to many
aggressive carcinomas, is an acidic interstitial space and a nutrient deprived
environment. The implications of these findings are of tremendous importance for
vaccine based immunotherapy. I believe that a contributing factor for the modest
success in this area is a result of the tumor microenvironment inhibiting the
effectiveness of the elicited immune response. Cytotoxic T lymphocytes (CTLs) are
capable of killing tumor cells in vitro with ample nutrients, normal oxygen tensions,
and neutral pHs; however, the tumor microenvironment is very different than an
incubator, and the aberrant tumor microenvironment likely renders CTLs ineffective
in vivo. It will be important to consider engineering CTLs to be resistant to the harsh
conditions of the tumor microenvironment.
Together the studies in this thesis also suggest that combination therapy
against carcinomas will likely provide better treatment outcomes. For example, like
many carcinomas, tumor angiogenesis was shown to be an integral part of the growth
and establishment of the B16-F10 tumor. When we inhibited MIF in the B16-F10
tumors, establishment was delayed which correlated with the up-regulation of the
anti-angiogenic TSP-1. Our immunotherapeutic bacteriophages, like other
immunotherapeutic strategies against B16-F10, were only successful at treating early
established tumors. Therefore, it will be interesting to test if targeting MIF, thereby,
slowing tumor progression, will delay tumor establishment long enough to enable
immunotherapy to be more effective against this aggressive tumor.
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