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1 INTRODUCTION

Glioblastoma multiforme is the most malignant of the astrocytic gliomas and constitutes the most
common malignant primary brain tumor (1). Even though glioblastoma multiforme is a quite rare tu-
mor (2), it remains significant due to the median survival time being only 12-15 months from the time
of diagnosis (3). The main reasons for the poor prognosis of glioblastoma multiforme are the late stage
of diagnosis combined with lack of efficacy of currently available therapies (4, 5). Significant progress
in the understanding of cancer biology during the last decades has prompted extensive research with-
in novel classes of anticancer drugs, exploiting molecular differences between tumor cells and cells of
healthy tissues (6). Overall, two different strategies have been employed to induce specific cancer cell
toxicity, while sparing healthy tissues; 1) targeting of drugs directly to the cancer cells (7, 8), and 2)
targeting of drugs to the tumor vasculature (9-11). The first strategy exploits molecular aberrations of
cancer cells for specific targeting of drugs, whereas the second approach target abnormalities of the
tumor vasculature to reduce the blood supply and inhibit tumor growth. Numerous of targeted thera-
pies are currently in development and several molecular targeted drugs, aimed at interfering with
oncogenic cancer cell signaling or angiogenic tumor endothelial cell signaling, have already progressed
into the clinical setting. However, the clinical results have largely been disappointing, demonstrating
lack of efficiency and resistance development in glioblastoma multiforme patients (6, 7).

Targeted drug carriers are another class of drugs that can be targeted to both cancer cells and
the tumor vasculature. However, they are still confined to the early stages of development, but accu-
mulating preclinical evidence demonstrates promising in vivo anticancer effects. (8, 12) One type of
targeted drug carriers is the liposomal drug carrier system, which confer some advantages compared
to other common drug carriers, e.g. the potential for transporting a wide variety of drugs at a high load
per single liposome. Liposomal systems have proven successful for separate targeting of cancer cells
and tumor endothelial cells, however both approaches display distinct advantages and disadvantages.
(13) A recent development within liposomal cancer therapy combines several types of liposomes di-
rected to different targets or uses multitargeted liposomes, in order to achieve a synergistic targeting
effect (14, 15). This strategy could indeed prove advantageous for simultaneous targeting of cancer
cells and tumor endothelium in glioblastoma multiforme, in order to benefit from the advantages of
the two separate targeting strategies and minimize their disadvantages.

The basic components of the individual liposome and its overall structure are the main determi-
nants of its in vitro and in vivo behavior (16), and therefore great attention must be paid to the specific
application, when choosing a liposomal system. Numerous techniques have been developed for the
preparation of liposomes and subsequent conjugation with targeting agents (17) . A recently devel-
oped approach involves post insertion of lipid micelles conjugated with antibody into preformed lipo-
somes, inducing stable attachment of antibodies to the liposomal surface (18). Traditionally, functional
groups for reaction with antibodies have been included in the lipid mixture used for preparation of
liposomes, orienting the functional groups randomly in the two leaflets of the liposomal bilayer mem-
brane, but only functional groups protruding on the surface of the liposome will be available for conju-
gation (13). Using the micelle post insertion technique circumvents this problem, since the functional
groups are incorporated into the liposomal membrane after antibody conjugation.

The focus of this thesis is the investigation of liposomes as a possible drug carrier system for
targeting cancer cells and tumor endothelial cells of glioblastoma multiforme. In order to address this
subject, a suitable animal model for testing in vivo targeting properties of the liposomes as well as a
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reproducible protocol for preparation of liposomes are needed. Thus, the three primary aims of this

thesis are:

1. Establishment and characterization of an intracranial in vivo model of human glioblastoma
multiforme.

2. Development of a protocol for preparation of immunoliposomes using the micelle post inser-
tion technique to attach antibodies.

3. Proof of principle that immunoliposomes specifically can target cancer cells and tumor endo-
thelial cells in the chosen model of human glioblastoma multiforme.
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2 BACKGROUND

2.1 Glioblastoma Multiforme

Gliomas denote the most frequent cancer of the central nervous system (CNS), accounting for about 80
% of all malignant primary brain and CNS tumors (1). Gliomas are defined as tumors derived from glial
cells and include tumors of astrocytic, oligodendrial, ependymal, or mixed origin. Based on histological
appearance, the World Health Organization (WHO) classifies the different types of gliomas into prog-
nostic grades ranging from I to IV. (4) The most malignant astrocytic glioma, glioblastoma multiforme
(WHO grade 1V), constitutes more than 50 % of all gliomas and is the most common malignant primary
brain tumor (1). Even though glioblastoma multiforme is a quite rare tumor with a global incidence
rate of only 3.17 per 100,000 (2), it significantly impacts the life of the affected patients due to its poor
prognosis with a median survival time of only 12-15 months from the time of diagnosis (3).

Glioblastoma multiforme may present itself at any age, but typically affects adults, with increasing
incidence until aged 85 and above. The median age at diagnosis is 64 years, with more than 80 % of
diagnosed glioblastoma patients being older than 55 years and only 1 % younger than 20 years (19).
Males are more commonly affected by glioblastoma multiforme, with an incidence rate almost 1.6
times higher than in females (1). The glioma incidence is generally higher in the Western world com-
pared to less developed countries (20). The major reason is probably under-ascertainment of the gli-
oma incidence in developing countries due to limited access to health care, variations in diagnostic
practices, and incomplete reporting of glioma cases (21, 22). However, some reports also indicate that
ethnic differences in glioma susceptibility may exist. For example, in the United States glioblastoma
multiforme is more frequent in Caucasians than in people of African and Asian descent (1). A 1-2 %
annual increase in the total brain tumor incidence occurred through the 1980s and 1990s, which pri-
marily is thought to reflect the improved clinical diagnosis of neurological diseases after introduction
of high-resolution neuroimaging in the early 1980es. However, a true rise in incidence for at least
some types of brain tumors cannot be excluded, but such evidence are yet to be demonstrated for
glioblastoma multiforme. (21)

For the majority of gliomas no underlying carcinogenetic causes can be identified. So far, the on-
ly established environmental risk factor reported is exposure to high-dose, ionizing radiation (21, 23).
Several epidemiological studies have also demonstrated an association between increased glioma risk
and other environmental factors, including severe head injury, dietary risk factors, occupational risk
factors, and exposure to electromagnetic fields. However, the data regarding the suggested risk factors
remain inconclusive, since other studies failed to identify any link to glioma development. (21, 22, 24)
More consistent reports suggest a protective effect of allergic diseases and infections, indicating that
immune surveillance mechanisms stimulated by these conditions inhibit glioma development (21, 23).

Genetic predisposition has been observed in 5-10 % of glioma cases (22). Rare genetic syn-
dromes associated with an increased risk of glioma such as neurofibromatosis 1 and 2, tuberous scle-
rosis, retinoblastoma (RB) 1, Li-Fraumeni syndrome, Turcot’s syndrome, and multiple harmatoma
only account for few cases (21, 23). Gliomas have also been observed to run in families, not affected by
the listed syndromes, but implicated susceptibility genes remains yet to be identified. In addition, the
causal relationship between glioma and common polymorphisms in genes involved in detoxification of



2BBACKGROUND

carcinogens, cell cycle regulation, and DNA repair mechanisms, have been investigated only to reveal
vague or no association. (22, 23)

Glioblastoma multiforme lesions are typical large at the time of diagnosis and may occupy much of a
brain lobe. The lesions are often located in the subcortical white matter of the cerebral hemispheres
and frequently extend across the border of the frontal lobe into the temporal lobe. Tumor infiltration
has often progressed into the adjacent cortex and through the corpus callosum into the contralateral
hemisphere. (4).

The tumor mass of glioblastoma multiforme is characterized by being poorly delineated and
having a high degree of regional heterogeneity. Highly proliferating cancer cells are usually found in
the peripheral, hypercellular zone of the tumor, whereas the central tumor area mainly consists of
necrotic tissue, comprising up to 80 % of the total tumor mass. Histopathologically, the lesions typical-
ly exhibit cellular hyperplasia in peripheral zones harboring cancer cells with atypical nuclei, in-
creased mitotic activity, cellular pleomorphism and poor stages of differentiation. A diagnostic feature
of glioblastoma multiforme is the presence of areas with vascular hyperplasia, necrosis or both in the
tumor tissue. Another hallmark of glioblastoma multiforme is rapid invasion of the surrounding brain
tissue, especially along myelinated brain structures such as the corpus callosum or within perivascular
spaces. Infiltrating tumor cells are dispersed within the normal brain tissue surrounding the contrast-
enhancing tumor border at high-resolution scans. These satellite cancer cells are thought to be the
origin of local tumor recurrence after therapy, since the infiltrating cells escape surgical resection and
high-dose radiotherapy of the primary tumor mass. Despite the highly infiltrative nature of glioblas-
toma multiforme, it tends to invade neither the subarachnoidal space nor the vessel lumen, and there-
fore distant metastases are rarely found, both within and outside the CNS. (4).

Glioblastoma multiforme lesions most commonly occur as primary glioblastoma without clinical
evidence of a preceding lesion within the CNS (25, 26). Only about 5 % of glioblastoma multiforme
cases progress from lower grade astrocytomas into secondary glioblastoma (25). The time to progres-
sion is highly variable, with time intervals ranging from less than 1 to more than 5 years before occur-
rence of glioblastoma multiforme. Primary lesions typically affect older patients with a mean age of 62
years at diagnosis, whereas secondary glioblastoma in contrast develop in younger patients with a
mean age of 45. (27) Phenotypically, primary and secondary glioblastoma are indistinguishable. How-
ever, the two glioblastoma multiforme subtypes display distinct genetic abnormalities, suggesting that
their malignant transformation occurs through different genetic pathways. Primary glioblastoma in
adults is associated with epidermal growth factor receptor (EGFR) overexpression and mutation, loss
of heterozygosity (LOH) of chromosome 10q, mutation of the phosphatase and tensin homology
(PTEN) gene, and deletion of the p16 gene. Mutations in the p53 gene, LOH of chromosome 10q, and
abnormalities in the pathway regulating the tumor suppressor RB are frequently found in secondary
glioblastoma multiforme. Overall, these genetic alterations in both primary and secondary glioblasto-
ma multiforme result in overactivation of several mitogenic signaling pathways that ultimately leads
to uncontrollable growth of the affected cells. (25, 26)

The cellular origin of glioblastoma multiforme is a subject of ongoing investigation. Traditional-
ly, it was believed that glioblastoma multiforme arose from mature astrocytes, and that expression of
progenitor cell markers was the result of de-differentiation during the process of malignant transfor-
mation (4). However, recent research suggests that the tumors may stem from malignant transforma-
tion of neural stem cells or related progenitor cells (28). In agreement with this theory, cancer cells
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with stem cell-like properties have been isolated from glioblastoma tumors and cell lines. These so-
called cancer stem cells only account for a small fraction of the tumor, but exhibit classical stem cell
properties such as an extensive proliferative potential, self-renewal, and multipotency. Furthermore,
the isolated cancer stem cells display pronounced tumorigenic behavior when implanted into immu-
nocomprised mice, giving rise to tumors mimicking the phenotype and recapitulating all the different
cell types of parent tumors. Cancer stem cells may therefore be the driving force of glioblastoma multi-
forme growth through their unlimited growth potential. (29) Accumulating evidence suggest that the
cancer stem cells may represent descendents of neural stem cells or related progenitor cells that suf-
fered the initial carcinogenic insult, but still the possibility of de-differentiation of more mature astro-
cytes have not been disproved (28). Thus, distinct proof of the cellular origin of glioblastoma multi-
forme as well as their inherent cancer stem cells still remains to be found.

All solid tumors depend on formation of new blood vessels for nutritional support of their growth
beyond 1 mm3 (30). Glioblastoma multiforme is one of the most vascularized human tumors, and de-
pends on several processes for vascularization, the three most important being vessel co-option, vas-
culogenesis, and angiogenesis (4). Vessel co-option is the adoption of pre-existing vessels within the
normal brain tissue by perivascular migrating tumor cells at the periphery of the tumor. In addition,
the cancer cells secrete signaling molecules that stimulate vasculogenesis through recruitment of cir-
culating bone-marrow derived cells and their subsequent incorporation into new blood vessels at the
tumor site. (31) Angiogenesis is the sprouting of normal vessels into the tumor area, mediated by en-
dothelial cell proliferation and migration, together with concurrent remodeling of the perivascular
extracellular matrix (32). The process of angiogenesis occurs in response to proangiogenic growth
factors secreted either by cancer cells or stromal cells of the tumor. In virtually all gliomas, vascular
endothelial growth factor-A (VEGF-A) comprise the major proangiogenic growth factor. Hypoxia
strongly stimulates VEGF-A expression in gliomas, and upon secretion VEGF-A induce vascular per-
meability as well as endothelial cell proliferation and migration. Other important proangiogenic
growth factors include fibroblastic growth factor (FGF), the angiopoietins (Ang 1 and Ang 2), and
platelet-derived growth factor (PDGF). (31, 32)

The neoangiogenic blood vessels formed in the periphery of glioblastoma multiforme lesions are
both structurally and functionally abnormal. The tumor vessels are tortuous, disorganized, and have a
significantly larger diameter than vessels of the normal brain. In addition, the vessel wall is characte-
rized by abnormalties in endothelial cell function, pericyte coverage, and expression of basement
membrane proteins. (31) The disordered vasculature leads to an increased resistance to blood flow,
reducing the overall perfusion and distributing blood heterogeneously within the tumor (31, 33). The
tumor vessels are also highly permeable to macromolecules of the blood as compared to the restricted
vascular transport across the blood-brain-barrier of normal brain vessels. However, the severity of
blood-brain barrier compromise in the tumor area is known to vary both temporally and spatially.
(33) The increased permeability of the vasculature leads to accumulation of fluid and plasma proteins
in the tumor and surrounding brain tissue. Due to the lack of lymphatics, extravasated fluid accumu-
lates within the tumor and results in an increased interstitial pressure, leading to vasogenic brain
edema and increased intracerebral pressure. (31) Furthermore, the insufficient and heterogeneous
perfusion of the tumor results in regional hypoxia and acidosis, reducing sensitivity of the cancer cells
to radiation therapy. The heterogeneous blood supply combined with a high interstitial pressure also
disturbs the delivery of blood-borne therapeutics to the cancer cells of glioblastoma multiforme. (33)

8
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Symptoms of glioblastoma multiforme usually present late in the course of the disease, and typically
the first clinical signs are those of raised intracranial pressure, e.g. headache, nausea and/or vomiting,
and papilledema. Other frequent symptoms include non-specific neurological symptoms, such as focal
neurological deficits, personality changes, confusion, memory loss, and tension headaches. In addition,
one third of patients experience at least one epileptic seizure. (4, 5) Presentation of persistent neuro-
logical symptoms prompts magnetic resonance imaging or computed tomography scanning of the
brain, and detection of a heterogeneously enhancing mass with surrounding edema suggests the diag-
nosis of malignant glioma. [rregular enhancement and extensive peritumoral edema indicate the lesion
being glioblastoma multiforme rather than anaplastic glioma, but the diagnosis can only be histopatho-
logically confirmed at surgical debulking of the tumor mass. (5)

Standard therapy for newly diagnosed glioblastoma multiforme consists of surgery followed by radio-
therapy with concomitant and adjuvant chemotherapy. Complete surgical resection of the tumor is not
possible due to its highly infiltrative growth, but surgical debulking is performed to maximally reduce
tumor size. Subsequent postoperative radiotherapy is delivered by partial-field external beam-
irradiation, targeting brain tissue at a 2-3 cm margin around the operative cavity. (5) The main chemo-
therapeutic agent used for treatment of glioblastoma multiforme is temozolomide, an oral alkylating
agent with a reasonable penetration of the normal blood-brain barrier (34). Despite best available
treatment, tumor recurrence is observed in basically all patients diagnosed with glioblastoma multi-
forme, and the mean time to progression is only 6.9 months from the time of diagnosis (3). Therapy of
recurrent glioblastoma consists of tumor reoperation if symptoms of the mass effect are evident, radi-
otherapy, various combinations of conventional chemotherapeutics, and experimental therapies (35,
36). Common side effects accompanying glioblastoma multiforme therapy include toxicity to adjacent
brain structures, toxicity to proliferating cells of non-neuronal tissues, and unwanted long-term effects
like cognitive deficits and epilepsy due to neuronal damage (5).

Despite recent progress in the therapeutic management of glioblastoma multiforme, the five
year patient survival is still less than 5 %, and the disease is basically incurable due to the high rate of
recurrence (1). The reason for this is both the late stage of the disease at diagnosis, and the inability of
available therapy to efficiently eradicate all glioblastoma cells. Advances in glioblastoma multiforme
therapy are clearly required to improve the patient survival together with a reduction in side effects of
medical treatment. Recent advances in understanding glioma biology hold promises for development
of therapeutics that specifically target the tumor compartment, and multiple experimental therapies
based on this approach are currently in development (6).

2.2 Targeted Cancer Therapy

According to the original “magic bullet theory”, presented by Paul Ehrlich more than 100 years ago,
cancer cells can be specifically targeted by directing drugs to molecular targets exclusively found in
malignant cells.

Identification of such drugs would result in selective cancer cell toxicity, while sparing normal
tissues. (37) Thus, the “magic bullet theory” has long fascinated researchers and inspired them to
search for tumor specific molecules as well as drugs that are able to target these molecules. In general,
the conducted research has focused on two different drug targeting strategies in a variety of solid tu-
mors; 1) targeting drugs directly to the cancer cells (7, 8), or 2) targeting drugs to the tumor vascula-

9
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ture (9-11). The first strategy promotes specific interaction of the drug with the cancer cells to exert
its effects, whereas targeting drugs to tumor endothelial cells aim at regression of the tumor vascula-
ture and subsequent starvation of the cancer cells.

Independent of the targeting strategy, the chosen target molecule must be effectively targeted by
the applied drug. First of all, the target must be highly specific for the tumor in order to achieve selec-
tive targeting. If the target molecule is expressed by cells of other tissues, this could result in off-target
side effects and toxicities. The target molecule must also be abundantly expressed in the tumor area to
ensure sufficient interaction between drug and target cell. Furthermore, a stable expression of the
target molecule is of great importance, preventing down-regulation of the target molecule during ma-
lignant progression of the tumor and during treatment with targeted therapeutics. Unfortunately, it
has proven difficult to identify molecular targets that meet all of the listed criteria, neither for cancer
cells nor for tumor endothelial cells. (7, 13, 38, 39) Despite difficulties in identification of optimal tar-
gets, extensive research in targeted cancer therapies during the last decades have generated a variety
of targeting strategies and agents that have potential for use in the clinical therapy of glioblastoma
multiforme.

Targeting cytotoxic drugs directly to glioblastoma cells has been proposed as a strategy to achieve a
more pronounced antitumor effect and fewer side effects. Compared to conventional chemotherapy,
targeted drugs will have a selective cytotoxic action on cancer cells, while having no or only a modest
effect on normal cells. A higher accumulation of the therapeutic drug in the tumor compartment can
also be achieved, either by promotion of the cellular uptake through binding of the drug to the target
molecule (e.g. an internalizing cell surface receptor) or by administration of high drug doses, which
only is possible due to the few off-target side effects. (6, 8) However, an obstacle for direct targeting of
cancer cells is that the drug of choice needs to penetrate into the tumor to exert its therapeutic effects.
The high intratumoral interstitial pressure and the only partially disrupted blood-brain barrier in
glioblastoma multiforme lesions act as barriers (31, 33), reducing the tumoral delivery of blood-borne
tumor-targeted drugs (7, 13).

Drugs targeting cancer cells directly can be divided into two main groups based on the mechan-
ism of interaction with their target. The first group, known as molecular targeted drugs, aim at inter-
fering with intracellular signaling pathways, which are overactivated in glioblastoma and drive cellular
proliferation, survival and invasion (6, 40). Molecular targeted drugs exert their anticancer effects by
binding directly to a target molecule involved in cellular signaling and thereby inhibiting the normal
functions of this molecule (6, 7, 41). The second group of drugs targeting cancer cells is in general en-
compassed by various types of drug carriers. Here, the carrier transporting the cytotoxic drug pre-
vents interaction of the drug with healthy cells, and modification of the drug carrier with a ligand or
antibody directs the drug carrier towards a specific cancer cell surface molecule. The main objective of
the target molecule is to establish contact between the drug and the cancer cell, and possibly facilitate
uptake of the drug into the intracellular compartment, where it exerts its effects. (12)

Identification of mitogenic signal transduction pathways frequently overactivated in glioblasto-
ma has lead to development of molecular targeted drugs for treatment of glioblastoma multiforme.
Examples include different types of EGFR inhibitors, such as cetuximab (Erbitux), a monoclonal anti-
body against EGFR which blocks the binding of EGF and prevents receptor activation (42), and the
EGFR tyrosine kinase inhibitors gefitinib (Iressa) and erlotinib (Tarceva) which inhibit activation of
the receptor-coupled tyrosine kinase (7). Other targets are intracellular signaling molecules acting
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downstream of EGFR and other growth factor receptors (25, 26). Drugs targeting such molecules are
the farnesyltransferase inhibitor tipifarnib (Zarnestra), and the mammalian target of rapamycin
(mTOR) inhibitor temsirolimus (Torisel) (6, 7). Overall, the antitumor effects of molecular targeted
drugs investigated as monotherapy in glioblastoma multiforme have been largely disappointing and
have not demonstrated survival benefits compared to standard therapy. A major problem that limits
the therapeutic efficacy of molecular targeted drugs is their poor intratumoral accumulation due to the
blood-brain barrier and the high interstitial pressure, restricting the amount of drug that can accumu-
late in the tumor and exert its effect on the cancer cells. This is especially true for the large monoclonal
antibodies, whereas the tyrosine kinase inhibitors have an advantage due to their small molecular
weight. (6, 7) Various strategies to improve the efficacy of molecular targeted drugs are currently be-
ing investigated in clinical trials. They include the combination of molecular targeted drugs with con-
ventional therapy or other targeted drugs, selection of patients on the basis of biomarkers, and devel-
opment of new, more powerful drugs against the same or newly discovered targets. (7, 41)

Numerous targeted drug carriers have been studied preclinically in animal models of glioblas-
toma multiforme, however few have progressed to clinical trials. The investigated drug carriers in-
clude protein toxins and doxorubicin-liposomes targeted primarily to the transferrin receptor or inter-
leukin receptors, overexpressed on the surface of glioblastoma cells (43-45). Targeted protein toxins
are the only tumor-directed drug carriers that are currently in clinical trials for glioblastoma multi-
forme. These large drugs must be delivered locally into the tumor through an invasive procedure,
known as convection-enhanced delivery, based on infusion of the drug through catheters inserted in
the brain. (46-49) The targeted protein toxins consist of a bacterial toxin that have been mutated at its
cell binding domain to prevent unspecific binding to healthy mammalian cells and then conjugated to a
targeting molecule. Examples of protein toxins in clinical trials for glioblastoma multiforme are Tf-
CRM107 (TransMID) (46), a modified diphtheria toxin conjugated to transferrin, as well as interleu-
kin-4 PE38KDEL and interleukin-13 PE38QQR (Cintredekin besudotox), two different versions of the
pseudomonas exotoxin conjugated to an interleukin (44, 45). Administration of these protein toxins to
glioblastoma patients in phase I and II clinical trials has generally demonstrated their safety and some
evidence of radiographic responses (46, 47, 50-52).

Targeted liposomes are another type of drug carriers that have been suggested for therapy of
glioblastoma multiforme. An advantage of using a liposomal drug carrier system compared to drug-
and protein-conjugates is that a large variety of drugs can be encapsulated and a large drug load can be
delivered within a single liposome (13). So far, targeted liposomes have only been tested preclinically
in animal models of glioblastoma multiforme. Such studies have primarily focused on liposomes con-
taining the chemotherapeutic doxorubicin, since this drug is both a highly potent chemotherapetic and
easy to encapsulate efficiently in liposomes (53). Previously, untargeted liposomal doxorubicin has
demonstrated an improved toxicity profile and antitumor effects both in patients with glioblastoma
multiforme and relevant animal models (54-56). In addition, untargeted doxorubicin liposomes have
already been approved for clinical use in therapy of several other cancer types (12). Both untargeted
and targeted long-circulating liposomes accumulate passively in tumors after intravenous injection
due to the leakiness of newly established tumor vasculature and the lack of lymphatics, known as “the
enhanced permeability and retention effect (EPR)” (8, 57). In animal models of glioblastoma multi-
forme, doxorubicin liposomes have been targeted to the interleukin-13 receptor through conjugation
with interleukin-13 (58), while antibodies have been used for directing the liposomes to the EGFR (59)
as well as cell surface bound-nucleosomes, originating from apoptotic cancer cells (60). Overall, the
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available preclinical data demonstrate superior antitumor activity of targeted formulations of lipo-
somal doxorubicin as compared to untargeted liposomes and unencapsulated drug (58-60).

Targeting drugs to the tumor vasculature of glioblastoma multiforme is an attractive treatment strate-
gy due to the high degree of vascularization of this tumor and its dependency on new blood vessel
formation for nutritional support. Inducing damage to the tumor blood vessels or inhibiting angioge-
nesis deprives the cancer cells of oxygen and nutrients, while preventing removal of waste products.
The resulting hypoxia, starvation of cancer cells, and buildup of waste products eventually leads to
cessation of tumor growth and cancer cell necrosis. (61) Targeting the tumor vasculature has some
advantages compared to direct targeting of the cancer cells. First of all, blood-borne drugs have easy
access to target molecules expressed by tumor endothelial cells without any need to transverse the
endothelium (62, 63). In addition, vascular disruption has the potential to exhibit a significant amplifi-
cation effect, since a single blood vessel might supply a large number of cancer cells (62, 64). With the
tumor endothelium being derived from the normal vasculature, it was traditionally thought that tumor
endothelial cells displayed a higher degree of genetic stability than cancer cells, thereby reducing the
probability for development of drug resistance to vascular targeted therapy (65). However, it is now
generally accepted that tumor endothelial cells in fact demonstrate a significantly higher mutation rate
than normal endothelial cells, which significantly aid in development of resistance to vascular targeted
therapies. Another challenging aspect of targeting the tumor vasculature is the heterogeneous vascular
structure and associated molecular profile, varying both spatially and temporally (31). Therefore any
applied targeting molecule is unlikely to affect the tumor vasculature evenly, and a combination of
vascular targeting drugs might be necessary to achieve a satisfactory effect.

The class of vascular targeting drugs that has received most attention in the management of
glioblastoma multiforme is without any doubt the angiogenesis inhibitors. These drugs aim at interfer-
ing with formation of new blood vessels and thereby inhibiting tumor growth. The angiogenesis inhibi-
tors are basically molecular targeted drugs directed towards secreted proangiogenic growth factors,
their cell surface receptors, or other molecules involved in angiogenesis, such as proteases or cell sur-
face adhesion molecules (9, 10). Another drug class inhibiting blood supply to the tumor is the vascu-
lar disrupting agents (VDAs) that cause rapid shutdown of the established tumor vasculature (11, 62,
66). VDAs can be divided into two main groups, i.e. small-molecule and ligand-based VDAs (11). Small-
molecule VDAs induce selective damage to tumor endothelial cells by exploiting their structural and
molecular abnormalities, such as increased proliferation, vascular permeability, and impaired reliance
on the cytoskeleton to maintain cell shape. In contrast, ligand-based VDAs target toxins, procoagulant
or proapoptotic molecules to the vasculature through antibody- or peptide-conjugated drug carriers.
(11, 38)

The development of angiogenesis inhibitors for cancer therapy has primarily focused on VEGF
signaling (10, 61), which is a cornerstone of the angiogenic process in malignant glioma. The angioge-
nesis inhibitor bevacizumab (Avastin) has already been approved for monotherapy of glioblastoma
multiforme after progression on conventional therapy in the USA (10). Bevacizumab is a monoclonal
antibody that binds to secreted VEGF-A, preventing it from interacting with VEGFR-2 to exert its
proangiogenic effects (61) In addition, several tyrosine kinase inhibitors acting at the intracellular
VEGFR-2 coupled tyrosine kinase have gone into clinical trials for therapy of glioblastoma multiforme
(10, 61). One example are the pan-VEGFR tyrosine kinase inhibitor cediranib (Recentin) with addi-
tional activity against PDGF receptor (PDGFR) and c-Kit (67). Alternatives to VEGF and VEGFR inhibi-
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tion currently being evaluated in glioblastoma multiforme patients include the fibroblast growth factor
receptor tyrosine kinase inhibitor brivanib, the PDGFR tyrosine kinase inhibitors tandutinib and dasa-
tinib (SPRYCEL), and the avf33/avf5 integrin inhibitor cilengitide (10, 61). In general, angiogenesis
inhibitors have displayed some antitumor activity in glioblastoma multiforme, when administered as
monotherapy. Moreover, a synergistic effect has been observed in combination with chemotherapy
both preclinically (68) and clinically (69). A key factor of this synergistic effect might be that angioge-
nesis inhibitors transiently can “normalize” the abnormal tumor vasculature by reducing the high
permeability and diameter of the dilated blood vessels. Vessel “normalization” could possibly result in
more efficient delivery of conventional chemotherapeutic agents due to a better perfusion of the tu-
mor and decreased tumoral interstitial pressure (70-73). It has also been hypothesized that better
perfusion can lead to better oxygenation of cancer cells, resulting in higher sensitivity to radiotherapy
(72). Another benefit of the decreased interstitial pressure induced by antiangiogenic therapy is the
appertaining reduction of the need for corticosteroid treatment of vasogenic brain edema in the pa-
tients, hereby avoiding potentially serious side effects (70, 72). However, the clinical use of antiangi-
ogenic therapy is complicated by fast development of tumor resistance and unresponsiveness to these
drugs, primarily due to activation of alternative angiogenic signaling pathways. Furthermore, a signifi-
cantly more invasive phenotype of glioma cells have been observed in tumors treated with antiangi-
ogenic therapy. (61)

VDAs have not been as extensively investigated in glioblastoma multiforme as in other cancers,
and for glioblastoma multiforme only few preclinical studies have been carried out (62). However, in
other cancers, especially small-molecule VDAs have shown clinical safety and promising antiprolifera-
tive results in clinical trials (11, 62). Flavone acetic acid and its derivative 5,6-dimethylxanthenone-
acetic acid constitute some of the most studied small-molecule VDAs (62). Their mechanism of action
are based on of the release of tumor necrosis factor a (TNF-a) and other cytokines from the tumor
endothelial cells, which leads to increased vascular permeability and hemorrhage, resulting in wide-
spread cancer cell necrosis (74). Only two ligand-targeted VDAs have been investigated in experimen-
tal models of glioblastoma multiforme. Both are bacterial toxins conjugated to ligands targeting either
the urokinase-type plasminogen activator receptor, expressed by both endothelial cells of the neovas-
culature and glioma cells, or the VEGFR-2 of the tumor endothelial cells (75, 76). In other experimental
in vivo cancer models several other ligand-targeted VDAs have been examined. The VDAs include
fusion proteins, immunotoxins, drug-conjugates and immunoliposomes targeted to different de no-
vo expressed membrane proteins on the tumor endothelial cells vasculature, like vascular cell adhe-
sion molecule-1 (VCAM-1) (77-79), integrins (80-85), aminopeptidase N (14, 14, 86, 87), endoglin (88-
90), VEGFR-2 (91-95), and extracellular matrix proteins, such as ED-B domain of the glycoprotein fi-
bronectin (96-100). Some of these targets could also have potential for vascular targeting in glioblas-
toma multiforme. In summary, the potential of applying VDAs in therapy of glioblastoma multiforme
largely remains to be elucidated. In preclinical studies of other cancer conditions, the various VDAs
have shown little effect as monotherapy (11). A viable rim of cancer cells have been shown to survive
at the periphery of the lesion, and it is believed that these cells can serve as a source for tumor re-
growth. Because these cancer cells derive oxygen and nutrients from blood vessels in adjacent normal
tissue, their good state of oxygenation and high rate of proliferation make them sensitive to radio- and
chemotherapy, respectively (11, 38). Enhanced antitumor activity have been demonstrated in expe-
rimental in vivo models of glioblastoma multiforme using combined therapy of VDAs with radiothera-
py or chemotherapy (11, 38), and this is currently being investigated in various clinical trials.
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Molecular targeted drugs and antiangiogenic drugs, which are the targeted drugs in most advanced
development, both suffer from problems with lack of efficacy and resistance development and further
optimization of these drugs is needed to achieve the desired effects. The use of targeted drug carriers
is an approach that can be applied to targeting of cancer cells directly as well as targeting of the tumor
vasculature, and both types of carriers are largely unexplored in glioblastoma multiforme. Targeted
liposomes seem to be a good carrier choice, since a large drug load can be transported by a single car-
rier, and a large variety of drugs can be encapsulated. Furthermore, the development of resistance
mechanisms could be prevented by using several types of targeted liposomes, each directed at a dif-
ferent target and possibly containing different therapeutic drugs. An obvious approach could be to
target one type of liposomes to the cancer cells and another type to the tumor endothelial cells, in or-
der to benefit from the advantages of both targeting strategies and minimize some of their separate
disadvantages.

2.3 Liposomes as a Drug Delivery System

The use of liposomes a drug carrier system were proposed several decades ago and since then it has
been one of the most extensively investigated drug carrier systems. Modication of the basic liposome
structure and optimization of methods for preparation of liposomes have overcome many of the initial
obstacles encountered, when applying liposomes in vivo. Today liposomes can be tailor-made in many
aspects to meet the demands needed for a specific in vivo application.

Liposomes are lipid bilayer vesicles within the 50-1000 nm range, containing an aqueous core.
Unilammellar liposomes consist of a single lipid vesicle with an aqueous core, whereas multilammeller
liposomes contain several lipid vesicles inside each other. Lipids can be made from various mixtures of
natural and synthetic lipids, however the specific lipid composition is an important determinant of the
liposomal in vitro and in vivo characteristics of the liposomes (101). Liposomes are well suited for the
use as drug carriers, since they have the ability to transport many different types of drugs at high con-
centrations. Hydrophilic and amphiphilic drugs can be encapsulated into the aqueous core, whereas
hydrophopic drugs can be incorporated into the lipid bilayer. (53)

To control the cellular fate of liposomes, they can be modified with various surface molecules,
such as polymer-coatings and targeting agents. Based on such modifications, unilammellar liposomes
have been divided into several types. The first liposomes to be investigated were unilammellar lipo-
somes between 100-500 nm without any surface modifications, named conventional liposomes
(Figure 1A). Investigating various formulations of conventional liposomes revealed that in vivo circu-
lation time and other pharmacokinetic parameters were closely related to size, lipid composition and
charge of these liposomes (53). For example, small liposomes (< 100 nm) containing gel-state phos-
pholipids and cholesterol had a significantly longer circulation time than larger liposomes of the same
lipid composition (102). In addition, neutral liposomes were generally found to have a longer circula-
tion time than electrostatically charged liposomes (53). The fast removal of conventional liposomes
from the circulation is predominantly caused by a rapid liposomal uptake by the macrophages of the
reticuloendothelial system (RES) in the liver and spleen (53). To overcome this problem liposomes
coated with linear polyethylene glycol (PEG) molecules was developed, limiting the rapid uptake by
the RES and significantly prolonging the half life of circulating liposomes to about 20 hours in mice and
rats (103) and up to 45 hours in humans (104). PEG are commonly grafted to the liposomes by modifi-
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cation of the PEG molecules with a hydrophobic residue at one end, typically a phospholipid, which
then can be incorporated into the bilayer of the liposomal membrane (Figure 1B). As for conventional
liposomes, liposome size was also found to be an important factor in liposomal clearance for PEGy-
lated liposomes after intravenous injection (53). Prolonged circulation was especially observed for
small liposomes with a size of 70-200 nm and a high degree of homogeneity (105). In contrast, 300-
400 nm PEGylated liposomes avoided significant entrapment in the liver, but not of the red pulp and
marginal zone of the spleen (106). Thus, the biodistribution pattern of liposomes can significantly be
altered by changing their basic structure of both conventional and PEGylated liposomes.

The next step in the development of liposomes as drug carriers involved preparation of lipo-
somes that were conjugated with a targeting ligand. This enabled direction of the liposomes towards
specific molecules expressed by the target cell population, promoting close interaction of the lipo-
somes with the target cell and possibly cellular internalization. Two different approaches was investi-
gated for conjugation of liposomes; 1) coupling the targeting ligand directly to the lipid bilayer, which
was explored for both conventional and PEGylated liposomes (Figure 1C and D) coupling of the target-
ing ligand to the distal end of surface grafted PEG-chains of PEGylated liposomes (Figure 1E). (13) The
simplest approach is method one and worked well for conjugation of conventional liposomes. Howev-
er, for conjugation to PEGylated liposomes a major drawback was that the flexible PEG-coat could both
prevent interaction of the conjugated ligand with its target, as well as the reaction for conjugation of
ligands to reactive groups on the liposomal surface (107, 108). Due to these constraints, methods for
coupling ligands to the distal end of PEG-chains were developed, restoring the availability of the con-
jugated ligand for interaction with its target.

The most commonly used types of targeting ligands used for conjugation to liposomes are anti-
bodies or fragments hereof and peptide ligands (13). When choosing a targeting ligand for liposomal
conjugation, it is not only important to ensure that the targeting ligand binds specifically to a target
sufficiently expressed by the target cell, but several other considerations must also be taken into ac-
count to choose the best type of targeting ligand and chemical method for attaching of the ligand to the
liposome.

First of all, conjugating a ligand to the surface of a liposome may increase the rate of liposome
uptake by the RES, despite the presence of PEGylation. Next, the immune system might attack the li-
gand or other parts of ligand-conjugated liposomes and cause an unwanted immune reaction. (13,
109) The extent of antibody development depends both of the type of ligand, e.g. a small peptid or Fv
fragment is usually less immunogenic that a complete foreign antibody, and the lipid composition of
the liposome (110, 111). Based on these principles, it is understandable why the amount of conjugated
ligand must be balanced to establish successful binding to its target, while maintaining a long circula-
tion time. Using liposomes with a lower ligand-density may extend the liposome circulation time and
improve the chance of interaction with targets located in tissues with limited blood flow, whereas such
liposomes might not bind most efficiently to the same target in vitro compared to liposomes maximally
conjugated with ligand.
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Figure 1: Scematic representation of different types of liposomes. A) Conventional liposome. B) PEGylated liposome. C) Con-
ventional liposome with antibodies conjugated directly to the liposome surface. D) PEGylated liposome with antibodies con-
jugated directly to the liposome surface. E) PEGylated liposomes with antibodies conjugated to the distal end of PEG-chains.
Modified from (112)

The behavior of the various formulations of liposomes has been extensively studied at the cellular lev-
el both in vitro and in vivo, as well as at whole organism level in vivo. As mentioned above, the fate of
liposomes in vivo is determined by the structure and single components of the liposome, such as size,
lipid composition, PEGylation, and the presence of targeting ligands on the surface.

The predominant administration route for liposomes is by intravenous injection, after which the
liposomes circulate in the blood. Due to the large size of liposomes the lining of the blood vessels act as
a barrier and the liposomes can only extravasate at sites with discontinuous or fenestrated endothe-
lium (53). Both the liver and spleen have fenestrated endothelium, and therefore liposomes not ex-
ceeding the size of the fenestrae are prone to accumulate in these organs. However, accumulation of
liposomes within these organs has been demonstrated not to depend solely on the size of the lipo-
somes, but also their lipid composition. For example liposomes with a significant larger size than the
pore size of the liver fenestrae, but having a high fluidity, were found to accumulate in the liver in a
high degree. Accumulation of liposomes in the liver and the spleen promote the interaction with the
large quantity of inherent macrophages of the RES, which are the main source of liposome elimination
from the body. Depending on the size and lipid composition of the liposomes, liver hepatocytes may
also play an important role in removing liposomes from the blood. No convincing evidence have dem-
onstrated a significant uptake of liposomes by other cell types easily accessible from the blood, such as
cell of the endothelium or circulating blood cells. (16)

Several theories exist for the mechanisms of liposome removal by the RES, and why PEGylation
of the liposomes slow down this process. In the circulation, liposomes of various compositions unspe-
cifically adsorb proteins present in serum, and one theory is that the opsonization of liposomes pro-
motes the clearance by macrophages through receptor-mediated endocytosis by the means of some of
the liposome bound proteins (53). Some of the identified proteins that opsonize liposomes include
fibronectin, complement factors, B2-glycoprotein, C-reactive protein, and a2-macroglobulin (113-
117). After receptor-mediated endocytosis of the liposomes, lysosomal digestion of the liposome
membrane releases the liposomal content into the cytoplasm. Several theories have been proposed to
explain why PEGylation increase the circulation times of liposomes. One of the most popular views
suggests that the PEG-chains act as a steric barrier, preventing macromolecules such as the mentioned
opsonins from interacting with the liposomal membrane. Due to the lack of liposome opsonization the
rate of macrophage uptake is significantly reduced. (53)

Long-circulating liposomes have a higher probability for encountering their target cells, espe-
cially if located in an area with limited blood supply, and a longer circulation also increase the proba-
bility of extravasation and accumulation at sites with increased vascular permeability, such as in tu-
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mors (16). Increasing the circulation time will increase the number of times a liposome passes through
a specific tissue, and thereby increasing the probability of interaction with its target cell or increasing
the probability of intratumoral extravasation through the EPR effect. Several possible mechanisms for
interaction of liposomes with cells, after accumulation in the target tissue have been described. First of
all, unspecific binding or absorption of liposomes to cells can occur, and untargeted liposomes can
deliver their drug load by this mechanism. When in close contact with the cell, lipophilic drugs encap-
sulated in the liposomal membrane can be transferred to the cell membrane, while encapsulated hy-
drophilic drugs in some circumstances can be released from absorbed liposomes and taken up into the
cells. Both these processes are not fully understood, but it is clear that the lipid composition of the
liposomal membrane and the physiochemical characteristics of the drug in question are of great im-
portance. Another suggested mechanism by which liposomes can deliver their content to the cellular
compartment are through fusion of the liposomal lipid membrane with the cellular membrane, there-
by inducing cytoplasmic release of the liposome content. However, no evidence indicate that cellular
fusion occur when using standard conventional or PEGylated liposome and in general specific fusion-
inducing agents are believed to be required for stimulation of this process. (16)

Two primary mechanisms have been proposed for how targeted liposomes can increase the cel-
lular uptake of liposomes, depending on both the properties of the target molecule and the targeting
ligand. When targeting the liposomes to a cell surface receptor at a site where binding induce interna-
lization of the whole complex, the liposomes can be internalized through receptor-mediated endocyto-
sis into the cellular compartment of the cancer cells. Like described for receptor-mediated endocytosis
of liposomes by macrophages, the liposomes can now degraded by lysosomal enzymes and the drug
released into the cytoplasm. However, even liposomes targeted to a non-internalizing molecule have
demonstrated a higher intracellular accumulation of the transported drug. A likely mechanism is
probably that binding of the liposome to its target keep the liposomes in close contact with target cells,
facilitating diffusion of the encapsulated drug into the cells degradation of the bound liposome. (13,
118)

Pathological conditions inducing an inflammatory state of the vasculature, such as infections, ischemic
heart disease, and cancer, the vasculature may become leaky, permitting the liposomes to extravasate
at the lesion site (16). In tumors, this is known as the EPR effect and can be exploited to passively tar-
get liposomes to the tumor tissue (57). However, to achieve significant liposomal accumulation in the
tumor, the liposomes must circulate repeatedly through the tumor vessels to increase the change of
extravasation. Furthermore, the pore size found in the leaky parts of the tumor vasculature vary wide-
ly according to the type and location of tumor (119). Therefore the liposome size must be carefully
chosen from the experimental model used for studying the therapeutic efficacy of the liposomes. Both
untargeted and targeted liposomes accumulate in tumor tissue through the EPR effect to a similar ex-
tent. The superior anticancer effects observed when using targeted liposomes loaded with chemothe-
rapeutic drugs do therefore not stem from a higher intratumoral accumulation of the liposomes, but
rather from differences in the intratumoral localization at the cellular level. After intratumoral accu-
mulation, untargeted liposomes have been observed to reside predominantly in the interstitium, whe-
reas targeted liposomes and especially liposomes targeted to an internalizing receptor are found
intracellularly in a much higher degree. (13)

The potential of liposomes for delivering anticancer drugs have been investigated extensively in
different cancer types. Especially the chemotherapeutic drug doxorubicin has received much attention,
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since it is easy to load high amounts of this drug into liposomes (53). In fact, commercially available
untargeted liposomes loaded with doxorubicin, marketed under the name Caelyx®, have already been
approved for clinical use in several cancers (12) and have also been investigated in clinical trials for
glioblastoma multiforme (56, 120). Untargeted liposomal formulations of doxorubicin benefits espe-
cially from the improved toxicity profile, but have also demonstrate some improvements in therapeu-
tic efficacy compared to the free drug (121). So far, targeted liposomes have only been investigated in
animal models of human cancers, where targeting of liposomal drugs to the cancers cells or the tumor
vasculature have demonstrated a more pronounced inhibition of tumor growth than administration
free drug or untargeted liposomes (13). Some recent publications employ a combination of several
liposome types or conjugate a number of different targeting molecules to the surface of a single lipo-
some, in order to achieve a more efficient tumor targeting than with only one targeting agent. Several
of these studies indeed demonstrated a synergistic r effect compared to only using one targeting agent
(14, 15).

2.4 Liposomal Targeting of Cancer Cells and Tumor Endothelial Cells in Glioblastoma Multiforme

A combination of liposomes targeting the cancer cells and the tumor endothelial cells of glioblastoma
multiforme could possibly achieve a higher degree of tumor targeting and synergistic anticancer ef-
fects of loaded drug. Therefore the scope of this thesis was to investigate this subject in an in vitro and
in vivo model of glioblastoma multiforme. To accomplish specific targeting and sufficient accumula-
tion of the liposomes in vivo, an appropriate liposomal system had to be chosen together with specific
and highly expressed molecules for targeting.

A variety of molecules have been proposed for targeting of glioblastoma cells and the associated vas-
culature. However, for liposomal targeting the target molecule must be found on the cell surface and a
higher cellular uptake can be achieved if the target molecule is internalized after binding of the lipo-
some, since this has been shown to increase the cellular accumulation and therapeutic efficacy of lipo-
somal drugs. Based on these criteria, the EGFR was chosen as the cancer cell target molecule and the
VCAM-1 was chosen as the target molecule of the tumor vasculature.

The EGFR is a tyrosine kinase cell surface receptor, which induce cellular proliferation, survival
and motility after activation by binding of EGF, transforming growth factor-f and its other ligands
(122). As mentioned earlier, the EGFR signaling pathway is involved in the pathogenesis of especially
primary glioblastoma multiforme and the therapeutic effects of molecular targeted drugs has been
investigated in glioblastoma multiforme patients. Approximately 40 % of all glioblastoma cases are
characterized by amplification of EGFR, and in 30 % of glioblastomas this is accompanied by the pres-
ence of a constitutively activated EGFR mutant known as EGFRvIII (123). In this mutant form of EGFR
exon 2 to 7 of the EGFR have been deleted, which is a part of the extracellular domain of the receptor.
This deletion results in an EGFR variant that is unable to bind ligand, but signals constitutively. (124)
Cetuximab (Erbitux®) is a recombinant, human/mouse chimeric monoclonal antibody that binds to
the extracellular part of both the normal human EGFR and the mutated EGFRVIIL. This antibody has
been approved for clinical use in therapy of metastatic colorectal cancer and head and neck squamos
cell carcinoma (125), and it is currently being investigated in clinical trials for therapy of several other
cancer types, including glioblastoma multiforme (126). Upon binding to the EGFR, cetuximab has been
demonstrated to induce internalization of the receptor-antibody complex (127). Cetuximab or fab’
fragments hereof have been used for liposomal conjugation and the resultant immunoliposomes have
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demonstrated in vitro binding, internalization and cytotoxicity to cancer cells expressing EGFR or
EGFRVIII (128, 129, 129-132), as well as in vivo accumulation in tumor xenografts and superior thera-
peutic efficacy when loaded with various chemotherapeutics compared to nontargeted liposomal or
free drug (59, 132).

VCAM-1 is a cell adhesion molecule involved in transendothelial migration of leucocytes into in-
flamed tissues by the process known as diapedesis and mediates firm adhesion of the migrating leuco-
cytes to the endothelium (133). Ligand binding results in internalization of VCAM-1 in endothelial cells
(134). Expression of VCAM-1 is virtually absent on human vasculature of healthy tissues (135), but
inflammatory cytokines such as TNF-a and IL-1 may upregulate VCAM-1 endothelial expression in
pathological conditions as cancer (136, 137). In human cancers, tumor endothelial cell expression of
cell adhesion molecule expression varies between specific tumor types and locally within the tumor
lesion (135, 138). The altered cell adhesion molecule expression may provide a possible mechanism
for tumor evasion of the immune systems, since the ordered molecular process of transendothelial
leukocyte migration is disrupted (133). VCAM-1 have been used for successful endothelial cell target-
ing in vitro and in vivo in human cancer models, promoting cellular uptake of liposomes and targeting
of the tumor endothelium (79, 139). However, so far only one published study has investigated the
expression of VCAM-1 in human glioblastoma vasculature, and here VCAM-1 was expressed in the tu-
mor blood vessels in 25 % of glioblastoma cases (140).

The liposome behavior in vitro and in vivo depends on the overall structure and the characteristics of
its single components. A long circulation time in vivo is essential for intratumoral accumulation of li-
posomes via the EPR effect, and therefore small PEGylated liposomes conjugated with a moderate
amount of antibody remains the preferred choice for cancer targeting applications.

Small unilammellar liposomes of a defined size can be prepared by a variety of different tech-
niques. A simple technique widely used for preparation of such liposomes is the lipid film-hydration
technique, followed by extrusion of the liposomes until researching to the desired size. A dry lipid film
of the lipids desired for liposome preparation is prepared by measuring out lipids dissolved in an or-
ganic solvent such as chloroform and evaporating the solvent, dispersing a thin lipid film on the inside
of the flask. Addition of an excess aqueous solution followed by mechanical agitation, result in sponta-
neously formation of a suspension of unhomogenous large multilammellar liposomes within the 0.5 to
10 pm range. In order to prepare a more homogeneous suspension of small unilammellar liposomes,
the multilamellar liposomes can be sequentially extruded through polycarbonate membranes with
decreasing pore size until the liposomes have the desired size. During extrusion the large multilam-
mellar liposomes are forced through the pores of the polycarbonate membrane by application of pres-
sure, resulting in transient rupture of the lipid membrane and resealing at a size closer to the pore size
of the membrane. Typically, passing a suspension of large multilammellar liposomes 10 times through
a membrane with a pore size of 100 nm produces a homogeneous liposome suspension with a mean
diameter of approximately 100 nm. (17)

In order to direct the liposomes to either the cancer cells or the tumor endothelial cells, the cho-
sen targeting antibodies must be conjugated to the liposomes. Coupling of the antibodies to the distal
ends of the surface grafted PEG-chains have demonstrated to be superior in retaining antigen binding
ability. PEG-lipids with various reactive groups at their distal end have been developed for the purpose
of chemical conjugation with targeting ligands. One highly efficient and widely used method for pro-
tein conjugation involves the formation of a thioether bond between a maleimide group on the end of
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the PEG-chains to a protein thiol group (141). To use this conjugation method, a free thiol group must
be available in the protein for chemical reaction. Free thiol groups can be generated either by breaking
endogenous disulfide bridges in the protein, if this can be done without destroying the desired proper-
ties of the targeting molecule, e.g. its binding properties, or exogenous thiols can be introduced into
the protein by the use of one out of several available thiolating agents (142). One of the most advanta-
geous thiolating agents is succinimidyl-S-acetyl thioacetate (SATA). Reacting proteins with SATA, ran-
domly introduces thioester groups into the proteins and free thiol groups for reaction with the PEG-
coupled maleimide can easily be generated by deacetylation of the thioester using hydroxylamine. The
free thiol can now react with maleimide to generate a thioether bond between the liposome and the
conjugated protein. The thioether bond between maleimide and thiol group of the protein is very sta-
ble in a biological environment, and this method is therefore suitable, when conjugation for a pro-
longed period of time is desirable (141).

Traditionally, functionalized PEG-lipids have been incorporated into liposomes by including it in
the initial lipid mixture used for liposome preparation, followed by conjugated of preformed lipo-
somes. However, drawbacks of this method include the random orientation of the functionalized PEG-
molecules and PEG-chains localized in the inner leaflet of the lipid bilayer will not be accessible for
ligand conjugation. To circumvent this problem, a method for post-insertion of PEG-lipids already con-
jugated with ligand, known as the post insertion technique (18). Here, micelles consisting of the func-
tional PEG-lipids are initially formed and the targeting ligand conjugated to the micelles. Afterwards
the micelles can be inserted into preformed liposomes, by incubating above the fase transition tem-
perature of the lipids. Liposomes prepared by the post insertion technique have been demonstrated to
have ligand densities and in vivo performance characteristics similar to liposomes prepared by the
traditional approach (143). An overview of the different steps in preparation of immunoliposomes by
the micelle post insertion technique can be seen in Figure 2.

LIPOSOME PREPARATION PROTEIN CONJUGATION MICELLE PREPARATION
Stock lipids in chloroform I9G Stock lipids in chloroform
@ {:Il Evaporation ﬂ <::| SATA @ <::I Evaporation
Dry lipid film SATA-mod. IgG Dry lipid film

<—— Hydration ﬂ <1 Deacetylation of SATA @ <1 Hydration above CMC
Multilamillar vesicles Activated SATA-mod. lgG Micelles
@ < Extrusion ﬂ <—1 Thioether bond
Unilamillar vesicles of defined size lgG-conjugated micelles {ermation

ﬂ ﬂ<j’:| Micelle transfer of IgG

lgG-conjugated liposomes

Figure 2: Overview of immunoliposome preparation by the micelle post insertion technique. This technique consists of three
separate processes; preparation of liposomes by lipid-film hydration and extrusion to the desired size, modification of IgG
with SATA, and preparation of micelles containing a maleimide-functionalized lipid. The micelles are then conjugated with
SATA-modified IgG and insertion into the preformed liposomes.
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Cellular and animal models of human diseases constitute the first line of investigations for providing
evidence of therapeutic efficacy during drug development and for studying the underlying pathophy-
siological mechanisms of the disease (144). In vitro models for different human cancers consist of
primary cells or tissue explants obtained directly from surgical patient material or immortalized hu-
man cell lines. Since available patient material often is limited and viable cells derived hereof cannot
be cultured extensively, the use of immortalized cancer cells lines is frequently preferred. Immorta-
lized cell lines retain several essential features of the original cancer cells during serial passaging, and
this trait together with their easy access and ability to be cultured indefinitely in vitro have resulted in
widespread use of immortalized cancer cells lines for research purposes. However, both phenotypic
and genotypic characteristics of the parent tumor can be lost during serial passaging of cells, as in vitro
culture leads to cellular adaption and selection, generating a more homogenous cancer cell population
than originally found in the tumor (145). One of the most widely used immortalized glioblastoma mul-
tiforme cell lines is the U-87 MG (144). This cell line was originally derived from the tumor of a 44
years old female glioblastoma multiforme patient back in the 1960es by Pontén and colleguages (146)
and is still used extensively for glioblastoma research today. Retained characteristics of the original
tumor by cultured U-87 MG cells include cellular and nuclear pleomorphism, expression of the astro-
cytic markers vimentin and fibronectin, overexpression of the EGFR, and in vivo tumorigenicity. (145)
Animal models of glioblastoma multiforme and other cancers are essential in generating suffi-
cient therapeutic evidence for novel drugs to progress into clinical trials. The most extensively used
models are various tumor xenograft models, where tumor development occurs after implantation of
primary or immortalized human glioblastoma cells into an immunocompromised animal. Other gliob-
lastoma models include transgenic or spontaneous animal models, but these models overall suffer of a
high expenses and low rates of tumor development. (144) The use of U-87 MG cells for establishing
tumor xenografts in rodents is well-characterized (147, 148). This can be achieved either by injecting
viable U-87 MG cells subcutaneously into the flank of the animal, generating of a heterotopic tumor, or
into a defined location within the brain to establish an orthotopic tumor. Establishing subcutaneous
tumor xenografts involve less complicated surgical procedures compared to the orthotopic model, and
tumor development can be accessed directly, as the growing tumors can be observed as lumps under
the skin. In contrast, tumor growth of intracranial tumors can only be confirmed by the use of ad-
vanced imaging equipment or post-mortem. However, the resulting tumor xenografts more closely
resemble naturally occurring tumors, when grown in the natural intracranial environment of glioblas-
toma multiforme. (144) One example includes higher degree of leakines of the vasculature in subcuta-
neously grown U-87 MG tumors and other xenografts compared to the orthotopic tumors, whose ves-
sel permeability is reduced by the presence of the blood-brain barrier (119, 149). Thus, research in-
volving blood-borne drugs that do not freely pass the blood-brain barrier should be carried out in in-
tracranial tumor xenograft models to mirror the clinical setting more closely (144). Although immorta-
lized cells are known to lose some of their original characteristics during in vitro culture, they still dis-
play many features of the specific cancer type when implanted in vivo. After intracranial implantation
of U-87 MG cells, macroscopically visible tumors typically develop within a couple of weeks, displaying
key features of glioblastoma multiforme, such as cellular pleomorphism, invasive growth, neovascula-
rization through widespread angiogenesis, and tumor infiltration by T lymphocytes and macrophages
(147). Thus, the U-87 MG cell line constitutes a well-characterized model of glioblastoma multiforme
and displays glioblastoma characteristics important for investigating liposomal targeting of this cancer

type.
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3 MATERIALS AND METHODS

3.1

3.2 Materials

Standard chemicals were obtained from Sigma-Aldrich (Germany) or Merck (Germany) unless other-
wise stated. All used reagents were of analytical grade.

3.3  Cell Culture

The human glioblastoma cell line, U-87 MG (ATCC-LCG, Sweden) was grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 10 % fetal calf serum (FCS) (Gibco, Invi-
trogen, UK), 100 units/ml penicillin (Gibco), and 100 pg/ml streptomycin (Gibco). The murine brain
endothelial cell line, bEnd.3 (obtained from the Panum Institute, University of Copenhagen, Denmark)
was grown in DMEM medium supplemented with 10 % FCS, 4 mM L-glutamine (Gibco), 100 units/ml
penicillin, and 100 pg/ml streptomycin. Both cell lines were maintained at 37 °C, 5 % CO2, and 95 % air
in a humidified incubator and routinely passaged at confluency. All experiments were performed on
cells seeded out 24-48 hours in advance, allowing the cells to attach to the surface of the tissue culture
plate and to reach a cell density appropriate for the particular experiment.

3.4 Characterization of Target Expression by Cell Lines

The cellular expression of the cell surface molecules chosen for liposomal targeting was investigated
using immunocytochemistry. The expression of EGFR by U-87 MG cells and VCAM-1 by TNF-a stimu-
lated bEnd.3 cells were determined using the antibodies intended for liposomal conjugation as prima-
ry antibodies.

U-87 MG cells were seeded out in 8 well LabTek permanox chamber slides (Nunc, VWR, Denmark) and
grown to 60-70 % confluency. The growth medium was removed and the cells washed with potassium
phosphate buffered saline (KPBS), followed by fixation in 4 % paraformaldehyde in KPBS for 5-10 mi-
nutes and washing with KPBS to remove excess fixative. The monoclonal chimeric human/mouse-anti-
human EGFR antibody Erbitux® (Merck, obtained from Nomeco A/S, Aalborg, Denmark) was added to
each well at various concentrations ranging from 5 to 100 pg/ml in incubation buffer (3 % goat serum
(Biological Industries, In Vitro, Denmark), 2 % bovine serum albumin (BSA) (Sigma-Aldrich), and 0.3
% Triton X-100 in KPBS) and incubated at 4 °C overnight. The goat serum and BSA included in the in-
cubation buffer block unspecific binding of antibody, whereas Triton X-100 permeabilizes the cell
membrane. The next day, the cells were washed with washing buffer (incubation buffer diluted 1:50 in
KPBS) to remove excess primary antibody. Secondary antibody Alexa Fluor 488 goat-anti-human IgG
(H + L) (Molecular Probes, Invitrogen, UK) diluted 1:200 in KPBS was added to each well and incu-
bated for 30 minutes at room temperature to visualize bound primary antibody. The cells were then
washed in KPBS to remove excess secondary antibody. To allow identification of cell nuclei, the cells
were stained for 10 minutes with 50 pg/ml 4',6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) in
KPBS and excess stain was removed by washing with KPBS. Afterwards, the well chambers and
gaskets were carefully removed and coverslips were mounted with fluorescence mounting medium
(Dako, Denmark). Negative controls were obtained by following the same procedure, except for omis-
sion of the primary antibody. The cells were visualized under a non-inverted fluorescence microscope
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(Axioplan 2 imaging, Carl Zeiss, Germany) and images were obtained with camera (AxioCam MRc, Carl
Zeiss).

bEnd.3 cells were seeded out in 8 well LabTek permanox chamber slides and grown to 60-70 % con-
fluency. To determine a suitable setup to enhance expression of VCAM-1, the bEnd.3 cells were acti-
vated with various concentrations of recombinant murine TNF-a (Sigma-Aldrich) ranging from 0 to
100 ng/ml and at various time periods ranging from 1 to 24 hours. The growth medium was then re-
moved and the bEnd.3 cells were fixed in 4 % paraformaldehyde in KPBS, immunostained for VCAM-1,
DAPI stained, and mounted with coverslips according to section 3.4.1. VCAM-1 was detected using
monoclonal rat-anti-mouse VCAM-1 antibody (clone M/K-2, Abcam, UK) diluted 1:100 in incubation
buffer and secondary antibody Alexa Fluor 488 goat-anti-rat IgG (H + L) (Molecular Probes) diluted
1:200 in KPBS. The cells were visualized under a non-inverted fluorescence microscope and images
were obtained with camera.

3.5 Animals

Male CD1 nude mice were purchased from Taconic (Silkeborg, Denmark), and housed in a tempera-
ture- and humidity-controlled ventilated filter cabinet (Scantainer, Scabur, Denmark) to protect the
animals from contamination and infection. The cabinet were kept in a room with a 12 h light/12 h
dark schedule. The animals were allowed free access to food and water. Daily care was performed by
the staff at the animal facility at Sygehus Nord, Aalborg, where all the animal experiments were carried
out. The experiments were initiated when the nude mice were 6 to 10 months old. All surgical proce-
dures were approved by Radet for Dyreforsgg, Dyreforsggstilsynet, under the Danish Ministry of Jus-
tice.

3.6 Intracranial Tumor Xenograft Model

An intracranial model of U-87 MG glioblastoma was established in CD1 nude mice and the tumors was
characterized with respect to their growth pattern, vascular permeability, and expression of cell sur-
face molecules for liposomal targeting. The xenograft model was in addition used for studying the in
vivo biodistribution of unconjugated liposomes.

For establishment of intracranial tumor xenografts, U-87 MG glioblastoma cells were harvested by
trypsinization, washed two times in sterile PBS, and resuspended in sterile PBS at a concentration of 5
x 105 or 1 x 10¢ U-87 MG cells per 5 pl. The nude mice (n = 3) were anesthetized by intraperitoneal
injection of 0.5-0.75 ml/100 g body weight of Hypnorm (fetanyl citrate 0.315 mg/ml, fluanisone 10
mg/ml, VetaPharma, UK), Dormicum (midazolam 5 mg/ml, Roche, Germany) and sterile water in a
ratio of 1:1:2. The animals were placed in a small animal stereotactic apparatus (Stoelting Lab Stan-
dard with mouse & neonatal rat adaptor, Stoelting, Ireland). The dorsal head surface was disinfected
with a 1 % hydrogen peroxide solution, and the skin incised at the midline and retracted. The exposed
area of the scalp was blotted dry. A small burr hole was made 1.1 mm dorsal to and 1.5 mm right to the
bregma. Each mouse received a stereotactically guided injection of 5 x 105 (n = 2) or 1 x 106 U-87 MG
cells (n=1) in 5 pl of sterile PBS in the right striatum (1.1 mm lateral and 1.1 mm dorsal to the breg-
ma, at 3.5 mm depth from the skull surface) using a Hamilton syringe. The U-87 MG cells were injected
slowly to avoid elevation of the intracranial pressure, and the syringe was left for five minutes to pre-
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vent inoculated cells from ascending through the track of the needle. The skin edges were sutured, and
the animals were returned to their cages and placed under a heat lamp. The animals were monitored
during recovery from anesthesia, and then daily. The mice were terminated at signs of considerable
tumor burden, defined as loss of more than 20 % of baseline body weight, and neurological signs of
increased intracranial pressure, e.g. gait or balance difficulties.

The nude mice were anesthetized by intraperitoneal injection of 0.5-0.75 ml/100 g body weight of
Hypnorm, Dormicum, and sterile water in a ratio of 1:1:2 and subsequently sacrificed by transcardial
perfusion fixation. One mouse was injected intraperitoneally with 0.5 % peroxidase (Sigma-Aldrich) in
sterile PBS approximately 1 hour before euthanasia to study vascular permeability in the tumor. For
euthanasia, an incision was made through the abdomen just below the rib cage, together with two ho-
rizontal cuts through the rib cage on either side of the heart, followed by exposure of the heart by flip-
ping the cut rib flap upwards to the head. An escape route for blood and perfusion fluid was made by
cutting an opening in the right atrium. A small incision was made at the apex of the left ventricle, the
needle of a syringe filled with KPBS inserted and perfusion initiated. When the fluid appeared clear,
the syringe was removed, and a syringe containing 4 % paraformaldehyde in KPBS was inserted in-
stead and the animals were perfused with fixative. The brains were removed from the skull, immersed
in 4 % paraformaldehyde in KPBS at 4 °C for 24 hours for post-fixation, followed by short-time storage
in KPBS at 4 °C until further processed for histological analysis.

3.7 Characterization of Intracranial Tumor Xenografts

The growth pattern of the tumor xenografts was characterized using cresyl violet staining of cell bo-
dies and glial fibrillary acidic protein (GFAP) immunostaining of astrocytes to localize cancer cells in
brain cryostat sections. The vascular permeability of the tumor vessels were studied by visualizing the
intratumoral distribution of mouse albumin by immunostaining, and by staining brain sections from
the peroxidase-perfused animal with 3,3’-diaminobenzidine (DAB). Furthermore, the expression of
EGFR and VCAM-1 within the tumor area was investigated by immunostaining using the antibodies
intended for liposomal conjugation as primary antibodies.

Prior to sectioning the mouse brains were infiltrated with 20 % sucrose for 2-3 days to cryopreserve
the tissue during cryostat sectioning. The brains were embedded in Tissue-Tek (Sakura, Finetek Eu-
rope B.V,, Netherlands) and sectioned in 40 pm thick serial, coronal slices using a cryostat (Microtome
cryostat, HM 505 N, Microm, Germany). Tissue-Tek was dissolved by immersing the sections in KPBS,
and afterwards the sections were stored in antifreeze (30 % sucrose, 30 % ethylene glycol, and 10 %
polyvinylpyrrolidone in PBS) at -20 °C until staining.

Mouse brain sections were washed in KPBS, mounted onto slides and air-dried at 37 °C until complete-
ly dry. The sections were then defatted overnight in a solution of ethanol and chloroform in a volume
ratio of 1:1. The next day, the sections were rehydrated with decreasing concentrations of ethanol to
distilled water. Cresyl violet solution (0.4 % cresyl violet (Sigma-Aldrich), 1 M sodium acetate, 1 M
acetic acid) preheated to 37 °C was added to each section and incubated for 5 minutes at room tem-
perature. Excess stain was removed by rinsing the sections in water. The sections were then differen-
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tiated for 10-15 minutes in 96 % ethanol, dehydrated in 99.9 % ethanol, and cleared in xylene. Cover-
slips were mounted with pertex mounting media (Leica Microsystems, Denmark). Stained brain tissue
was visualized under a non-inverted microscope and images were obtained with camera.

Mouse brain sections were washed in KPBS and free floating sections were stained according to the
principle described for immunocytochemistry in section 3.4.1. The primary antibody solutions were
polyclonal rabbit-anti-GFAP (Dako) at a 1:200 dilution in incubation buffer (3 % pig serum (Sigma-
Aldrich) and 0.3 % Triton X-100 in KPBS), or polyclonal rabbit-anti-mouse albumin (Nordic Immunol-
ogy, Nordic BioSite Aps, Denmark) at a 1:1000 dilution in incubation buffer. For both primary antibo-
dies, the secondary antibody solution was Alexa Fluor 488 goat-anti-rabbit IgG (H + L) (Molecular
Probes) diluted 1:200 in KPBS. After immunostaining, the sections were arranged on slides and
mounted with fluorescence mounting medium. Negative controls were obtained by following the same
procedure, except for omission of the primary antibody. Immunostained brain tissue was visualized
under a non-inverted fluorescence microscope and images were obtained with camera.

Brain sections from the mouse perfused with peroxidase prior to euthanasia were reacted with the
peroxidase substrate DAB to study accumulation of peroxidase in the tumor xenograft. Free floating
unstained sections or sections immunostained for GFAP according to section 3.7.3 were washed in
KPBS and afterwards in Tris-HCl (pH 7.6). DAB solution (0.05 % DAB (Sigma-Aldrich) and 0.01 % H:0-
Tris-HCI (pH 7.6)) were added to the sections and incubated for 10 minutes at room temperature to
reveal tissue peroxidase activity. Sections were then washed in KPBS to remove excess DAB substrate.
The sections were arranged on slides and mounted with pertex mounting medium. Brain sections from
the mouse not perfused with peroxidase prior to euthanasia were staining following the same proce-
dure and used as negative controls. Immunostained brain tissue was visualized under a non-inverted
fluorescence microscope and images were obtained with camera.

Mouse brain sections were washed in KPBS and free floating sections were stained according to the
principle described for immunocytochemistry in section 3.4.1. The primary antibody solutions were
monoclonal chimeric human/mouse-anti-human EGFR antibody Erbitux® at a 1:100 dilution in incu-
bation buffer (3 % goat serum, 2 % bovine serum albumin (BSA) and 0.3 % Triton X-100 in KPBS), or
monoclonal rat-anti-mouse VCAM-1 antibody at a 1:100 dilution in incubation buffer. Alexa Fluor 488
goat-anti-human IgG (H + L) secondary antibody diluted 1:200 in KPBS was used for detection of EGFR
and Alexa Fluor 488 goat-anti-rat IgG (H + L) secondary antibody diluted 1:200 in KPBS for detection
of VCAM-1. After immunostaining, the sections were arranged on slides and mounted with fluores-
cence mounting medium. Negative controls were obtained by following the same procedure, except for
omission of the primary antibody. The cells were visualized under a non-inverted fluorescence micro-
scope and images were obtained with camera.

3.8 Preparation and Characterization of Immunoliposomes

Erbitux®-liposomes, anti-VCAM-1-liposomes, and unconjugated control liposomes were prepared by
insertion of micelle-conjugated antibodies into preformed liposomes. DSPE-PEG2000-maleimide was
used as the micellar anchor for attachment of SATA-modified antibodies. The final liposome suspen-
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sions were characterized with respect to particle size, zeta potential, lipid concentration, and conju-
gated antibody.

Liposomes were prepared from soy phosphatidyl choline, cholesterol, 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy-(polyethylene  glycol)-2000] (mPEG2000-PE), and 3,3'-
dioctadecyloxacarbocyanine perchlorate (DiO) in a molar ratio of 65:33:2:0.5. All lipids were obtained
from Avanti Polar Lipids (Alabaster, Alabama, USA) and the fluorescent probe DiO from Sigma-Aldrich.
Lipids dissolved in chloroform were transferred to a round-bottom flask, and a thin lipid film was pre-
pared by whirling the flask during evaporation of chloroform with a stream of nitrogen. Afterwards
the flask was kept under a stream of nitrogen for 30 minutes, to ensure evaporation of residual chloro-
form. The lipid film was hydrated in HEPES buffer (10 mM HEPES (pH 7.5), 136 mM NaCl, 1 mM EDTA)
at a final lipid concentration of 30 mM on a shaker for one hour and occasionally vortexed vigorously,
forming multilamellar liposomes of heterogeneous size. The extrusion technique was then used to
form unilammellar liposomes with a size averaging 100 nm. The liposome dispersion was repeatedly
passed through polycarbonate membranes (Nucleopore Track-Etch Membrane Filtration Products,
Whatman, Avanti Polar Lipids) with 0.2 uym and subsequently 0.1 um pore size, using a hand held Mini-
Extruder (Avanti Polar Lipids).

Micelles were prepared from 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polye-
thylene glycol)-2000] (DSPE-PEG2000-maleimide)(Avanti Polar Lipids) and mPEG2000-PE in a molar
ratio of 4:1. Lipids dissolved in chloroform were transferred to a round-bottom flask, the chloroform
was evaporated with a stream of nitrogen, and the flask was left under a stream of nitrogen for 30 mi-
nutes. The lipids were hydrated in HEPES buffer preheated to 65 °C, at a final lipid concentration of 10
mM, which is above the CMC of the two lipids. Micelles were formed by heating the lipids to 65 °C in a
heating block (Thermomixer comfort, Eppendorf, Eppendorf Nordic Aps, AH Diagnostics) during vi-
gorous agitation for 1 hour.

The monoclonal chimeric human/mouse-anti-human EGFR antibody Erbitux® was used for prepara-
tion of anti-EGFR-liposomes and the monoclonal rat-anti-mouse VCAM-1 antibody for preparation of
anti-VCAM-1-liposomes, while control liposomes were left unconjugated. If the antibody buffer solu-
tion contained stabilizing proteins, free amino acids, or other molecules containing free amino groups,
the buffer was exchanged prior to conjugation, to prevent the free amino groups of these molecules to
compete with the antibodies for reaction with SATA. PD-10 desalting columns (GE Healthcare, UK)
were used for exchanging the antibody buffers to HEPES buffer by gel filtration chromatography ac-
cording to manufacturer’s instructions for the spin protocol. The protein concentration of the eluate
was determined by UV spectroscopy (NanoPhotometer, Implen, Germany), measuring the absorbance
at 280 nm. SATA modification of the antibodies was carried out by mixing SATA (Pierce, VWR, Den-
mark) dissolved in N-N-dimethylformamide with the antibody solution in a volume ratio of 1:100 for
N-N-dimethylformamide:IgG solution and a molar ratio of 8:1 for SATA:IgG. The mixture was incu-
bated for 45 minutes at room temperature during continuous rotation. Using a Vivaspin 6 ultrafiltra-
tion device (GE Healthcare) with a 50,000 kDa molecular weight cut off membrane, free SATA was
removed and the antibodies concentrated to approximately 1 ml in volume by centrifugation accord-
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ing to manufacturer’s instructions. The protein concentration was determined using UV spectroscopy
as described above, and the modified antibodies were stored at -20 °C until use. Before conjugation of
antibodies to micelles the SATA groups must be deacetylated, creating free sulfthydryl groups to react
with the maleimide anchor in the micelles. Deacetylation was conducted by adding a freshly prepared
hydroxylamine solution (0.5 M hydroxylamine HCl, 0.5 M HEPES (pH 7.5), and 25 mM EDTA) to the
antibody solution at a volume ratio of 1:10 for hydroxylamine solution:IgG solution and incubating for
1 hour at room temperature during continuous rotation. Conjugation was performed by mixing deace-
tylated antibodies with micelles in a molar ratio of 1:10 for IgG:DSPE-PEG2000-maleimide, incubating
the solution for 2 hours at room temperature and afterwards overnight at 4 °C.

[gG-conjugated micelles were mixed with preformed liposomes in a molar ratio of 0.05:1 for micelle
phospholipid:liposomal soy phosphatidyl choline and incubated in a heating block (Thermomixer
comfort) for 1 hour at 60 °C during continuous rotation. The liposome-micelle suspension was cooled
down, and unbound antibody and micelles was separated from the immunoliposomes by gel filtration
chromatography using a 4B sepharose column (Sigma-Aldrich).

Mean particle size of the various liposomes was determined by dynamic light scattering and the zeta
potential by laser Doppler electrophoresis at 25 °C using a Zetasizer Nano ZS (Malvern, UK). Particle
size determined by dynamic light scattering is based on the principle that the random Brownian mo-
tion of particles in a liquid is faster for small particles than for large particles. The Brownian motion of
a particle is measured by illumination of the sample with a laser, and the rate of intensity fluctuation in
the light scattered by a single particle is used to determine the diffusion coefficient. Using the value of
this coefficient the size of the particle can be determined from the Einstein-Stokes equation. (150)
Determination of particle size using the Zetasizer Nano ZS generates a Z-average value of mean par-
ticle size, polydispersity of the size distribution, and the mean size of individual peaks present in the
particle suspension. The Z-average is generally considered a suitable measure of the particle size,
when the width of the size distribution is narrow, generating a polydispersity value below 0.5. The
zeta potential of a particle is a potential that exist between the surface of the particle and the dispers-
ing liquid at the so-called slipping plane. The slipping plane is the boundary, where ions of opposite
charge shifts from travelling with the particle through the liquid to not following the particle. The zeta
potential can be measured using a combination of electrophoresis and laser Doppler velocimetry,
called laser Doppler electrophoresis. When applying an electrical field to the sample, laser Doppler
velocimetry can be used to measure the electrophoretic mobility, which is a measure of how fast a
particle moves in the liquid. Using the value of the electrophoretic mobility the zeta potential can now
be calculated from the viscosity and dielectric constant of the sample using the Henry equation. (150)

Phosphatidyl choline concentrations of the final liposome suspensions were determined using a phos-
phatidyl choline assay kit (Biovision, California, USA) in order to estimate the total lipid concentration.
The assay exploits the ability of horseradish peroxidase to oxidize the colorless and nonfluorescent
OxiRed probe (Amplex Red, 10-acetyl-3,7-dihydrophenoxazine) in the presence of hydrogen peroxide
and generate the highly fluorescent probe, resorufin (151). The phosphatidyl choline content of each
sample is indirectly quantified in the assay by enzymatic hydrolysis of phosphatidyl choline, liberating
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free choline, which subsequently is oxidized by choline oxidase to betaine and hydrogen peroxide. The
hydrogen peroxide generated by this reaction can now react with the OxiRed probe in 1:1 stoichiome-
try to generate resorufin. (152) The assay was performed according to manufacturer’s instructions for
the colorimetric assay. Briefly, a phosphatidyl choline standard curve consisting of 5 dilutions ranging
from 1 to 5 nmol per sample was prepared. The liposomes were diluted to several concentrations to
ensure that the sample readings were within the linear part of the standard curve. All standards and
samples were prepared in duplicate. Reaction mix containing assay buffer, phosphatidyl choline con-
verting enzyme, development mix, and the phosphatidyl choline probe were added to all standards
and samples, and after thorough mixing the reaction was allowed to develop for 30 minutes at room
temperature. Absorbance was read at 570 nm using a spectrophotometer (NanoPhotometer, Implen)
equipped with a quartz ultra-micro cell (Hellma, VWR, Denmark). All readings were corrected for
background by subtracting the value of the 0 phosphatidyl choline control with 0 nmol per sample.
Phosphatidyl choline concentration of each sample was calculated from the plotted standard curve,
and from these values the total lipid concentration was estimated, assuming that phosphatidyl choline
comprises approximately 65 mol% of the final liposomes.

The concentrations of conjugated antibodies were determined using the RC DC Protein Assay (Bio-
Rad, Denmark). The assay is based on the Lowry assay (153), which exploits the ability of peptide
bonds to react with copper under alkaline conditions, liberating Cu* that subsequently reduce the Fo-
lin-phenol reagent (phosphomolybdotungstate) to heteropolymolybdenum blue. This reaction is not
fully understood, but depends on copper-catalyzed oxidation of aromatic amino acids, and therefore
development of the blue color is affected by the tyrosine and tryptophan content of the specific pro-
tein. (154) In contrast to the original Lowry assay, the RC DC Protein Assay is compatible with reduc-
ing agents and detergents present in the samples. Antibody concentration was measured according to
manufacturer’s instructions for the microfuge tube assay protocol. A standard curve consisting of 5
dilutions ranging from 0.2 mg/ml to 1.5 mg/ml human serum IgG (Sigma-Aldrich) in HEPES buffer was
prepared. Liposome samples were diluted 1:5 in HEPES buffer to ensure that the sample readings
were within the linear part of the standard curve. All standards and samples were prepared in dupli-
cate. First the protein was precipitated by addition of RC reagent I and II to all standards and samples.
After centrifugation the supernatant were discarded from the samples, removing any soluble interfer-
ing agents, and reagent A’ was added to each sample to dissolve the precipitated protein. Reagent A
containing alkaline copper tartarate solution was added to each tube and incubated with the samples
to allow copper to react with the proteins. Reagent B containing a dilute Folin reagent was added to
the samples, the samples was vortexed immediately, and the color reaction allowed to develop for 15
minutes at room temperature. Absorbance was read at 750 nm using a spectrophotometer (Genesys
10 UV-Vis Scanning, Thermo Fischer Scientific, Denmark) equipped with disposable semi-micro polys-
tyrene cuvettes (Sarstadt, Germany). The antibody concentrations of the various liposome prepara-
tions were calculated from the plotted standard curve, and using the estimated total lipid concentra-
tion determined according to section 3.8.6, the amount of conjugated antibody per nmol liposome was
calculated. Furthermore, the number of conjugated antibody molecules per liposome was calculated
based on the assumption that a 100 nm liposome contains approximately 100,000 molecules of phos-
pholipid (155).
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3.9 In Vitro Cellular Binding and Uptake of Liposomes

The cellular uptake of liposomes by U-87 MG and bEnd.3 cells was investigated in vitro to determine
the uptake of targeted liposomes compared to untargeted. After incubation of green fluorescent lipo-
somes with cultured cells the cellular uptake of liposomes were visualized by fluorescence microscopy
and quantified by flow cytometer analysis.

U-87 MG and bEnd.3 cells were seeded out in separate 8 well LabTek permanox chamber slides and
allowed to adhere for 24 hours. Before incubation with liposomes, the bEnd.3 cells were activated with
50 ng/ml TNF-a for 4 hours to enhance expression of VCAM-1. Immunoliposomes or unconjugated
control liposomes were added to each well at a concentration of 75 nmol per 1 x 105 seeded cells and
incubated with the cells for 2 hours at 37 °C in normal cell culture medium. Unbound liposomes were
then removed by washing with PBS. The cells were fixed in 4 % paraformaldehyde in KPBS, DAPI
stained, and mounted with coverslips according to section 3.4.1. The cells were visualized under a
non-inverted fluorescence microscope and images were obtained with camera.

U-87 MG and bEnd.3 cells were seeded out in separate well plates and allowed to adhere for 24 hours.
Before incubation with liposomes, the bEnd.3 cells were activated with 50 ng/ml TNF-a for 4 hours to
enhance expression of VCAM-1. Immunoliposomes or unconjugated control liposomes were added to
each well at a concentration of 75 nmol per 1 x 105 seeded cells and incubated with the cells for 2
hours at 37 °C in normal cell culture medium. The cells were harvested by trypzination and unbound
liposomes were removed by extensive washing with PBS containing 1 mM CaCl; and 0.5 mM MgCl..
The cells were resuspended in PBS, and the cellular uptake of fluorescent liposomes was analyzed on a
flow cytometer (FACS-Canto, BD Biosciences, Denmark) and data analyzed using FACSDiva software.

3.10 In Vivo Biodistribution of Liposomes

The accumulation of untargeted liposomes in various organs and tissues relevant to liposomal phar-
macokinetics and pharmacodynamics was investigated in vivo. The aims of the experiment were to
test the in vivo stability of the liposomal formulation, to develop an appropriate method for quantifica-
tion of liposomal tissue accumulation, and to study the biodistribution of the untargeted liposomes.

Intracranial U-87 MG xenografts were established in nude CD 1 mice (n = 3) according to section 3.6.1.
After development of tumors, the nude mice (n = 2) were injected i.v. with 0.5 pmol of unconjugated
liposomes per mouse in sterile PBS. 24 hours later the animals were anesthetized by intraperitoneal
injection of 0.5-0.75 ml/100 g body weight of Hypnorm, Dormicum, and sterile water in a ratio of
1:1:2. A blood sample was collected from each animal by heart puncture with a heparinized syringe,
followed by transcardial perfusion with KPBS according to section 3.6.2. The blood samples were cen-
trifuged for 10 minutes at 4 °C at 3000 RPM, plasma collected and stored at -80 °C until analysis. Or-
gans and tissues of interest (brain, heart, lung, liver, kidney, spleen, muscle, and skin) were removed
and cut into smaller tissue pieces. Some of each tissue was fixed in 4 % paraformaldehyde in KPBS
overnight followed by short-term storage in KPBS at 4 °C until sectioning, while other tissue pieces
were weighed and stored at -80 °C. Control tissue samples were obtained from an adult male Wistar
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rat which had not received any liposomal injection prior to euthanasia. Blood sample, organs, and tis-
sues were collected and stored as described above for the nude mice.

Fixated tissues were sectioned on a cryostat as described in section 3.7.1. Tissue sections were either
mounted onto slides after washing free-floating sections in KPBS, or transferred directly to slides dur-
ing sectioning. Coverslips were mounted with fluorescence mounting media, before visualizing the
liposomal tissue distributions under a non-inverted fluorescence microscope and obtaining images
with camera.

Unfixed, frozen tissue samples were homogenized completely in 800 pl of homogenization buffer (PBS
or PBS with 0.5 % Tween-20) using an Ultra-Turrax T25 homogenizer (Ika, Germany). The liposomal
uptake in different tissues was now quantified by fluorescence spectroscopy of tissue homogenates. A
standard curve consisting of 5 dilutions of unconjugated liposomes in each of the homogenization buf-
fers ranging from 0.15 pmol to 1.5 nmol lipid per pl was prepared. Tissue homogenate samples were
diluted to several concentrations to ensure that the sample readings were within the linear part of the
standard curve. All standards and samples were prepared in duplicate. Fluorescence was measured at
an excitation wavelength of 457 nm and an emission wavelength of 532 nm using a fluorescence spec-
trophotometer (Infinite M1000, Tecan, Germany). The fluorescence intensity of each sample was nor-
malized by the amount of homogenized tissue.
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4 RESULTS

4.1 Characterization of Target Expression by Cell Lines

Expression of the target molecule EGFR chosen for directing liposomes to glioblastoma cells was in-
vestigated by immunostaining of fixated U-87 MG cells. The chimeric anti-human EGFR-antibody Erbi-
tux® was used as the primary antibody. This monoclonal antibody formulation is intended for clinical
use in cancer therapy and no guidelines is available regarding the optimal concentration of this anti-
body for immunostaining. Therefore a wide range of primary antibody concentrations was tested,
ranging from 5 to 100 pg/ml. Only images of EGFR immunostaining using a concentration of 50 pg/ml
Erbitux® are shown (Figure 3). Staining of U-87 MG cells was observed from 5 ug/ml of primary anti-
body and the staining intensity enhanced with increasing primary antibody concentration until 50
ug/ml. No increase in the intensity of cellular staining was observed from 50 to 100 ug/ml of primary
antibody. By comparing nuclear DAPI staining (Figure 3A) and EGFR staining (Figure 3B) of U-87 MG
cells, it could be observed that the EGFR staining was primarily confined to the cell membrane, accom-
panied by some cytoplasmic staining. The negative control with no primary antibody added showed no
cell membrane reactivity, but an unspecific, vague cytoplasmic staining (data now shown). Based on
these data, a primary antibody concentration of 50 ug/ml Erbitux® was chosen for immunohisto-
chemical staining of EGFR in U-87 MG tumor xenografts.

DAPI EGFR Overlay

Figure 3. EGFR expression by U-87 MG cells. Immunocytochemical staining shows EGFR expression primarily confined to the
cell membrane of U-87 MG cells. A) DAPI staining of cell nucleus. B) EGFR staining of cells using 50 ug/ml Erbitux® primary
antibody. C) Overlay of A and B. All images: 400x magnification.

Expression of the target molecule VCAM-1 chosen for directing liposomes to tumor endothelial cells
was investigated by immunostaining of fixated bEnd.3 cells. Prior to fixation bEnd.3 cells were acti-
vated with TNF-a at various concentrations from 0 to 100 ng/ml for time periods varying between 1
and 24 hours, in order to determine a suitable setup for enhancing the cellular expression of VCAM-1.
Only images of VCAM-1 immunostaining of cells incubated with 50 ng/ml TNF-a for 4 hours are shown
(Figure 4). Selective staining of a few bEnd.3 cells was observed at 0 ng/ml TNF-q, and the number of
reactive cells increased with higher concentrations of TNF-a up to 25 ng/ml as well as with prolonged
incubation periods up to 10 hours. The maximal achieved reactivity for VCAM-1 was about 50 % of all
cells. In contrast, the intensity of cellular staining was only slightly enhanced by increasing the concen-
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tration or the time of TNF-a treatment. By comparing nuclear DAPI staining (Figure 4A) and VCAM-1
staining (Figure 4B) of bEnd.3 cells, it could be observed that VCAM-1 staining was primarily confined
to the cell membrane. No immunoreactivity was detected in the negative control without primary an-
tibody (data now shown). Based on the degree of VCAM-1 expression and practical issues regarding
incubation time, activation of bEnd.3 cells with 50 ng/ml TNF-a for 4 hours was chosen as a suitable
setup for upregulating VCAM-1 in further experiments.

DAPI VCAM-1 Overlay

Figure 4. Expression of VCAM-1 by bEnd.3 cells. Immunocytochemical staining shows VCAM-1 expression confined to the cell
membrane of bEnd.3 cells. A) DAPI staining of cell nucleus. B) VCAM-1 staining of cells treated with 50 ng/ml TNF-a for 4
hours. C) Overlay of A and B. All images: 400x magnification.

4.2 Characterization of Intracranial Tumor Xenografts

In order to establish an in vivo model of glioblastoma multiforme, three nude mice were stereotactical-
ly inoculated with U-87 MG cells in the striatum. Two mice were inoculated with 5 x 105 cells and one
with 1 x 10¢ cells to assess the number of U-87 MG cells adequate for establishing an intracranial tu-
mor xenograft. At day 17 after cell inoculation, the mouse that had received 1 x 106 cancer cells gradu-
ally began losing weight, indicating considerable tumor burden. At day 20, one of the mice, receiving 5
x 105 cancer cells, also displayed a successive weight loss, whereas the last mouse did not develop any
signs of tumor formation. Brain sections from the two mice displaying consecutive weight loss were
examined for tumor growth by cresyl violet staining and immunostaining for GFAP. Cresyl violet stain-
ing of cell bodies in the brain sections allowed identification of tumor growth in the brains of both
mice (Figure 5). The tumor developed in the mouse inoculated with 1 x 106 U-87 MG cells was very
large and at the maximal tumor diameter it took up most of the right subcortical brain area, making it
difficult to determine the exact location of the tumor (Figure 5A). The size of the tumor developed in
the brain of the mouse inoculated with 5 x 105 cells was much smaller compared to the tumor generat-
ed from 1 x 10¢ cells, but still it displayed a significant tumor burden, comprising more than a tenth of
the total brain area at its maximal size (Figure 5B). Furthermore, this tumor had grown into the right
lateral ventricle, and it appeared that some of the cancer cells had escaped from the primary tumor
and spread through the ventricular system to the contralateral side of the brain. At high magnification,
histological differences between the tumor and the normal brain tissue were obvious. The cells loca-
lized in the tumor tissue exhibited several classical cancer cell characteristics, including heterogene-
ous cell size and morphology, high cellular density, and lack of histological organization (Figure 5C). In
comparison, the normal brain tissue was clearly organized in a cellular pattern, and within each cellu-
lar compartment of this pattern the cells were rather homogeneous with respect to size and morphol-
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ogy (Figure 5D). Based on these histological differences, a clear-cut border could be observed at the
transition from normal brain tissue to the tumor (Figure 5E).
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tumor development in two mice (A and B), as well as histological differences between tumor and normal brain tissue (C, D,
and E). A) Brain section from mouse inoculated with 1 x 106 U-87 MG cells. B) Brain section from mouse inoculated with 5 x
105 U-87 MG cells. C) Tumor tissue at high magnification. D) Normal brain tissue at high magnification. E) Border between
tumor and normal brain tissue at high magnification. A and B: 12.5x magnification. C, D, and E: 200x magnification.

Brain sections from the two mice that developed intracranial tumors were also immunostained for
GFAP to aid in characterization of tumor growth. GFAP is an intermediate filament of the cytoskeleton
expressed by mature astrocytes and is therefore used as an astrocyte marker in the CNS. However, in
astrocytomas the expression of GFAP progressively decreases with increasing malignancy, thereby
differentiating astrocytic tumors from normal brain tissue. Immunohistochemical staining for GFAP
demonstrated lack of expression in the U-87 MG tumor xenografts, while GFAP was abundantly ex-
pressed in surrounding normal brain tissue, revealing the tumors as unstained areas in the brain sec-
tions from the two mice (Figure 6A and B). The distribution of the unstained areas was consistent with
the tumors observed in sections stained with cresyl violet, with a large, subcortical tumor in the brain
of the mice inoculated with 1 x 106 U-87 MG cells (Figure 6A), and a smaller tumor with intraventricu-
lar spread in the brain of the mouse inoculated with 5 x 10¢ cells (Figure 6B). At high magnification,
very few GFAP positive cells could be detected in the tumor area (Figure 6C). In contrast, highly GFAP
reactive astrocytes with a star-like morphology were visualized within the normal brain tissue (Figure
6D). This distinctive expression pattern for GFAP generated a visible border between the tumor and
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the normal brain tissue (Figure 6E). No unspecific staining was seen for negative control sections,
where the primary GFAP antibody was omitted.

Tumor Normal brain Tumor border

Figure 6. Expression of GFAP in U-87 MG tumor xenografts in nude mice. Inmunohistochemical staining of GFAP visualizing
the tumors as the unstained areas of the brain sections (A and B), as well as the lack of GFAP expression in tumor tissue (C)
contrasted to the prominent GFAP expression in normal brain tissue (D), generating a visible border between the two (E). A)
Brain section from mouse inoculated with 1 x 106 U-87 MG cells. B) Brain section from mouse inoculated with 5 x 105 U-87
MG cells. C) Tumor tissue at high magnification. D) Normal brain tissue at high magnification. E) Border between tumor and
normal brain tissue at high magnification. A and B: 25x magnification. C, D, and E: 200x magnification.

Immunohistochemical detection of mouse albumin was used to investigate the vascular permeability
within the tumor area of the generated tumor xenografts. Albumin is a 69 kDa serum protein that is
normally confined to the vascular space, however conditions with increased vessel permeability can
permit the leakage of albumin and other macromolecules of the blood out into the extravascular space.
Immunostaining of the brain tissue sections demonstrated some diffuse mouse albumin reactivity in
the tumor tissue (Figure 7A), while in the normal brain tissue mouse albumin showed a vessel-like
distribution (Figure 7B). In addition, the intensity of mouse albumin reactivity in the tumor was
somewhat higher than within the normal brain tissue. Together this suggests some intratumoral ac-
cumulation of mouse albumin that might not be restricted exclusively to the vascular space. However,
the intensity of mouse albumin immunostaining exhibited was low compared to background in both
the tumor and normal brain tissue, complicating any interpretation of the staining patterns. Negative
control sections only incubated with secondary antibody displayed a vague, randomly distributed,
granulated staining (data not shown), resembling neither the pattern observed in the tumor nor in
normal brain tissue.
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Tumor Normal brain

Figure 7. Accumulation of mouse albumin in U-87 MG tumor xenografts in nude mice. Immunohisto-
chemical staining of mouse albumin vaguely showing a diffuse distribution in the tumor (A), and a vague
vessel-like pattern in the normal brain tissue (B). A) Tumor tissue at high magnification. B) Normal brain
tissue at high magnification. All images: 200x magnification.

Vascular permeability in the tumor area was further studied by examining the intratumoral accumula-
tion of peroxidase in one of the mice. 1 hour before euthanasia this mouse received an intraperitoneal
injection of peroxidase, resulting fast uptake into the circulation and transport with the blood. As for
mouse albumin, the circulating peroxidase was only able to transverse the blood-brain barrier and
accumulate in areas of the brain with increased vascular permeability. Intravascular peroxidase was
flushed out during perfusion fixation of the mouse, only retaining extravascular located peroxidase for
reaction with DAB. Immunostaining for GFAP was used as counterstain to determine the localization of
the tumor xenograft in the brain sections, visualizing tumor tissue as a large unstained area of the
brain (Figure 8A). DAB staining of the same brain section revealed peroxidase activity in the central
part of the depicted tumor (Figure 8B). At higher magnification, it was evident that the DAB staining
predominantly was localized as small, demarcated areas of varying staining intensity, almost display-
ing a cell-like pattern (Figure 8C). Between some of the demarcated areas, a more diffuse staining of
vague intensity could be seen. The tumor area also contained some small cells reacting strongly with
DAB, distributed both as single cells and in clusters. To investigate the source of the peroxidase activi-
ty, brain sections from the other mouse that had not received any exogenous peroxidase were also
reacted with DAB and counterstained for GFAP. Tumor distribution was identified based on the lack of
GFAP reactivity (Figure 8D), and DAB staining of the same section now demonstrated peroxidase ac-
tivity restricted to strongly reacting, small cells in a vessel-like pattern (Figure 8E and F). As erythro-
cytes are known to display endogenous peroxidase activity, the small, strongly positive cells observed
in brain sections from both mice, most likely comprise residual erythrocytes in the blood vessels not
flushed out during perfusion. Differences in vessel-like organization of the small, strongly staining cells
between the two mice probably reflect variation in the completeness of erythrocyte wash out. In the
second mouse, no extravascular areas of the tumor showed visible peroxidase activity (Figure 8E and
F), supporting the view that the demarcated DAB stained areas observed in the brain of the mouse
injected with peroxidase, indeed could be attributed to extravasation of intravascular peroxidase.
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Figure 8. Peroxidase acitivity in U-87 MG tumor xenografts in nude mice with GFAP immunostaining as counterstain. Immu-
nohistochemical staining of GFAP visualizing the tumors as the unstained areas of the brain sections (A and D), and DAB
staining demonstrating extravasation of peroxidase in the tumor of a mouse injected with peroxidase prior to euthanasia (B
and C), whereas only erythrocyte confined peroxidase activity could be observed in the tumor of a mouse receiving no ex-
ogenous peroxidase (E and F). A, B, and C) Brain section from mouse injected intraperitonenally with peroxidase 1 hour prior
to euthanasia. D, E, and F) Brain section from mouse not injected with peroxidase. A and C) GFAP staining of tumor. B and E)
DAB staining of tumor. C and F) DAB staining of tumor tissue at high magnification. A, B, D, and E: 50x magnification. C and F:
200x magnification.

The in vivo expression of the target molecules chosen for directing immunoliposomes to glioblastoma
cells and tumor endothelial cells was investigated in the established U-87 MG tumor xenografts by
immunocytochemistry. The used primary antibodies were the same as intended for liposomal target-
ing of these molecules.

Immunostaining for EGFR clearly demonstrated that expression was retained by the U-87 MG cells
after in vivo implantation, demonstrating a more or less even level of expression in the whole tumor
area (Figure 9A). As expected, no staining occurred outside the tumor, since Erbitux® specifically re-
cognizes the human version of the EGFR. At higher magnification, the diffuse pattern of EGFR expres-
sion in the tumor tissue could be observed (Figure 9B). Negative control sections only incubated with
secondary antibody displayed an unspecific, randomly distributed, vague granulated staining (data not
shown), equally distributed in tumor and normal brain tissue.
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Figure 9. Expression of EGFR in U-87 MG tumor xenografts in nude mice. Immunohistochemical stain-
ing of EGFR showing an even level of expression throughout the tumor (A) in a diffuse pattern (B). (A)
EGFR staining of tumor. B) EGFR staining of tumor tissue at high magnification. A: 25x magnification. B:
200x magnification.

In contrast, no widespread VCAM-1 expression could be detected neither within the tumor area nor in
the normal brain tissue (Figure 10A). Only few isolated vessels located within the tumor were clearly
VCAM-1 positive (Figure 10B). Vague, unspecific staining in a random, granular pattern could be seen
both in stained sections and negative controls, where no primary antibody was added. Thus, only
widespread intratumoral expression of the chosen cancer cell target EGFR could be confirmed in the
U-87 MG tumor xenografts, whereas only scarce expression of the endothelial cell target VCAM-1 could
be detected.

Figure 10. Expression of VCAM-1 in U-87 MG tumor xenografts in nude mice. Immunohistochemical
staining of VCAM-1 showing lack of widespread expression within the tumor (A), and only few iso-
lated tumor vessels clearly expressing VCAM-1 (B). (A) VCAM-1 staining of tumor. B) VCAM-1 stain-
ing of tumor tissue at high magnification. A: 25x magnification. B: 200x magnification.

4.3 Preparation and Characterization of Immunoliposomes

Determining the physical and chemical characteristics of liposomes is important as a measure of quali-
ty control and reproducibility of the prepared liposomes. Furthermore, knowing the basic characteris-
tics of the liposomes will aid in interpretation of experimental results, since the liposome formulation
greatly influences the in vitro and in vivo behavior. The prepared liposomes used for investigation of
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the difference in cellular binding and uptake of targeted and untargeted liposomes were characterized
with respect to particle size, zeta potential and protein/lipid ratio. The mean particle size, polydisper-
sity, and zeta potential for the three different types of liposomes are given in Table 1. Unconjugated
liposomes were prepared by the same technique as the immunoliposomes, but only included transfer
of micelles without any coupled antibody. The resultant unconjugated liposomes had mean size of 115
+3.22 nm and a low polydispersity, demonstrating a narrow size distribution of the liposomes. The
mean size of the Erbitux®-liposomes was more than double the size of the unconjugated liposomes
and with a broader size distribution. This large increase in size might not solely be attributed to the
increase in size caused by conjugation of antibody molecules to surface, since previous experience
with coupling of human serum IgG of comparable size only had increased liposomal size to between
180 and 200 nm (data not shown). Surprisingly, anti-VCAM-1-liposomes had a mean particle size and
polydispersity resembling the size distribution of the unconjugated liposomes, possibly indicating lack
of antibody conjugation. Little difference was observed in the zeta potential of unconjugated and Erbi-
tux®-liposomes, both being slightly negative. However, the standard deviation of the zeta potential
for the unconjugated liposomes was quite large due to significant variation between individual mea-
surements, making any direct comparison difficult. In contrast to two other types of liposomes, the
zeta potential of the anti-VCAM-1-liposomes was basically neutral.

Particle size Polydispersity Zeta potential

(nm) (mV)
Unconjugated liposomes 115.0 (¢3.22) 0.071 (¥0.011) -23.5(+7.64)
Erbitux®-liposomes 248.0 (+19.91)  0.218 (x0.021)  -25.7 (0.283)

Anti-VCAM-1-liposomes 118.5 (x0.53) 0.064 (£0.009) -2.65(+0.078)
Table 1. Size and zeta potential of prepared liposomes. Unconjugated liposomes and an-
ti-VCAM-1-liposomes displayed a narrow size distribution approximating 100 nm, whe-
reas Erbitux®-liposomes were much larger with a mean size well above 200 nm and a
wider size distribution. The zeta potential was slightly negative for both unconjugated
liposomes and Erbitux®-liposomes, but in contrast the zeta potential of the anti-VCAM-
1-liposomes was basically neutral. Particle size and polydispersity of the liposome sus-
pensions were determined by dynamic light scattering and the zeta potential by laser
Doppler electrophoresis. Each value was determined as the mean value of three inde-
pendent measurements.

The protein concentration of the final liposome supspensions was determined by a commercially
available modified Lowry assay. Human serum IgG was used for preparation of the standard curve in
order to reduce signal variability from the content of aromatic amino acids in the standard compared
to the protein of interest. Amines present in the liposomal lipids did not interfere with quantification
of liposomal protein concentration, when the final liposome suspensions were diluted to a lipid con-
centration corresponding to a 1:5 dilution of unconjugated liposomes, reducing the lipid signal to the
background level of the assay buffer. The phosphatidyl concentration of the final liposome suspen-
sions was quantified using a commercial colorimetric assay, and the total lipid concentration was es-
timated from the phosphatidyl choline concentration, based on the fact that phosphatidyl choline con-
stitutes approximately 65 mol% of the liposome lipids. The protein/lipid ratios demonstrated a far
more efficient coupling of Erbitux® to the liposomes than VCAM-1 antibody (Table 2). Furthermore,
the number of antibody molecules was estimated from the protein and lipid concentration, based on
the assumption that a liposome approximating 100 nm in size consist of 100,000 phospholipid mole-

38



4BRESULTS

cules. This estimated a number 239 antibody molecules coupled per Erbitux®-liposome compared to
only 40 antibody molecules per anti-VCAM-1-liposome (Table 2).

ng protein/ Antibody molecules

pmol lipid per liposome
Erbitux®-liposomes 240 239
Anti-VCAM-1-liposomes 40 40

Table 2. Antibody coupling of prepared immunoliposomes. The coupling of Erbi-
tux® to liposomes was far more efficient than coupling of VCAM-1 antibody, de-
monstrating a coupling efficiency 6 times higher for Erbitux® when comparing the
amount of conjugated protein per pmol lipid and the number of antibody molecules
per liposome. The protein/lipid ratio was calculated from the determined protein
and lipid concentration of the final liposome suspensions. The number of antibody
molecules per liposome was estimated based on the determined protein and lipid
concentration of the final liposome suspensions, and the assumption that a lipo-
some approximating 100 nm in size consist of 100,000 phospholipid molecules.

4.4 In Vitro Cellular Binding and Uptake of Liposomes

In vitro cellular binding and uptake of immunoliposomes targeted to U-87 MG cells or bEnd.3 cells
compared to unconjugated liposomes were examined by fluorescence microscopy of cells incubated
with green fluorescent liposomes. The antibodies used for the preparation of immunoliposomes were
the same as previously used for successful immunostaining of EGFR and VCAM-1 and the characteris-
tics of the resulting immunoliposomes are given in section 4.3.1.

After incubation with liposomes for 2 hours at 37 °C, U-87 MG cells showed no visible uptake or bind-
ing of liposomes of unconjugated liposomes (Figure 11A-C). In contrast, Erbitux®-liposomes were
readily taken up by the cells during this time period and could be detected as a granulated pattern of
cytoplasmic green fluorescence of cells with nuclear DAPI staining (Figure 11D-E). This demonstrates
that targeting of liposomes to the EGFR using the Erbitux®-antibody indeed induces specific uptake of
the liposomes by U-87 MG cells. The green smear visible in Figure 11E and F is a green fluorescent
filament, of which numerous were present in all wells co-stained with DAPI, but none could be ob-
served in wells without DAPI staining. Thus, the filaments might originate from precipitation of DAPI
during staining.
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Figure 11. Cellular uptake of green fluorescent liposomes by U-87 MG cells. No cellular uptake of unconjugated liposomes
was observed after incubation for 2 hours at 37 °C (A-C), whereas specific uptake of Erbitux®-liposomes was demonstrated
by cytoplasmic distribution of green fluorescent liposomes in the cells (D-F). A-C) U-87 MG cells incubated with unconjugated
liposomes. D-F) U-87 MG cells incubated with Erbitux®-liposomes. A and D) DAPI staining of cell nucleus. B and E) Cellular
distribution of green fluorescent liposomes. C and F) Overlay of column 1 and 2. All images: 1000x magnification.

The cellular uptake of the vascular targeted immunoliposomes was investigated using bEnd.3 cells
activated with 50 ng/ml TNF-a for 4 hours. Like for the U-87 MG cells, no cellular uptake or binding of
unconjugated liposomes could be detected microscopically for the bEnd.3 cells after 2 hours of incuba-
tion at 37 °C (Figure 12A-C). However, in contrary to the expected, the anti-VCAM-1-liposomes dis-
played no visible cellular accumulation or binding, when incubated with activated bEnd.3 cells (Figure
12D-F). No evidence therefore indicate that antibody binding to the VCAM-1 promote specific uptake
of liposomes by bEnd.3 cells.
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Figure 12. Cellular uptake of green fluorescent liposomes by bEnd.3 cells activated with 50 ng/ml TNF-a for 4 hours. No
cellular uptake of neither unconjugated liposomes (A-C) nor anti-VCAM-1-liposomes (D-F) was observed after incubation for
2 hours at 37 °C. A-C) bEnd.3 cells incubated with unconjugated liposomes. D-F) bEnd.3 cells incubated with anti-VCAM-1-
liposomes-liposomes. A and D) DAPI staining of cell nucleus. B and E) Cellular distribution of green fluorescent liposomes. C
and F) Overlay of column 1 and 2. All images: 1000x magnification.

Cellular binding and uptake of unconjugated liposomes and immunoliposomes were quantified by flow
cytometer analysis after incubation for 2 hours at 37 °C for both U-87 MG cells and bEnd.3 cells. For
each cell type, the cell population was identified based on cell size and granularity of cells without li-
posomes, and only cells corresponding to this population were included in analysis of the different
samples. Autofluorescence of cells not incubated with liposomes was also determined for each cell
type, and in order to subtract this background fluorescence from the liposome signal a gate was estab-
lished, maximally including 1 % of autoflourescent cells, and only fluorescence intensity above this
gate was included in analysis.

For the U-87 MG cells, no difference in cellular fluorescence of cells without liposomes (Figure
13A) and cells incubated with unconjugated liposomes (Figure 13B) was detected by flow cytometric
analysis. Less than 1 % of the cells with unconjugated liposomes displayed fluorescence above the
background level and no difference in mean fluorescence intensity was seen when compared to cells
without liposomes (Table 3Table 3). In contrast, cells incubated with Erbitux®-liposomes demon-
strated significantly higher fluorescence (Figure 13C), reflecting cellular binding and uptake of the
targeted liposomes. Approximately 85 % of U-87 MG cells exhibited fluorescence above the back-
ground level and a significantly higher mean intensity of fluorescence than the cells incubated with
unconjugated liposomes (Table 3). Thus, it was demonstrated that Erbitux®-liposomes were specifi-
cally bound and internalized by the majority of U-87 MG cells.
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Figure 13. Flow cytometric analysis of cellular binding and uptake of green fluorescent liposomes by U-87 MG cells. Cellular
fluorescence of cells incubated with unconjugated liposomes for 2 hours at 37 °C (B) did not differ from background fluores-
cence of the cells (A), whereas Erbitux®-liposomes demonstrated specific binding and uptake by a large fraction of the cells
(C). A) Cells not incubated with liposomes. B) Cells incubated with unconjugated liposomes. C) Cells incubated with Erbi-
tux®-liposomes.

Positive cells Mean intensity

No liposomes 1% 1,052
Unconjugated liposomes 0.3 % 1,019
Erbitux-liposomes 84.8 % 1,357

Table 3. Percentage of positive cells and mean fluorescence in-
tensity of U-87 MG cells determined by flow cytometric analysis.
The percentage of positive cells and the mean cellular fluores-
cence intensity did not differ from background values after incu-
bation with unconjugated liposomes for 2 hours at 37 °C, whe-
reas approximately 85 % of all cells demonstrated significantly
higher fluorescence from the specific uptake of Erbitux®-
liposomes. Positive cells: Percentage of cells above background
level of fluorescence. Mean intensity: Mean green fluorescent in-
tensity of cells above background.

To stimulate the cellular expression of VCAM-1 and promote uptake of targeted liposomes, the bEnd.3
cells were activated with 50 ng/ml TNF-« for 4 hours prior to incubation with liposomes. However, no
uptake of neither unconjugated nor anti-VCAM-1 liposomes could be detected by flow cytometric
analysis, when comparing the cellular fluorescence to the background level (Figure 14A-C and Table
4). Thus, antibody targeting of VCAM-1 did not seem to increase the cellular uptake of liposomes.

42



4BRESULTS

No liposomes Unconjugated liposomes Immunoliposomes

=]
g
&

el

A

=
2

F2 F2

Count

s P
A

Count

£ ]
2 F2
L&)

a0

40
|

T ||H|\| T ||\|\||| T T \|\||\I T ||\A‘ T \\Hl\l T \\ll\lll T \\Hl\l T \lllll% T 7\ \|\|||I T ||\|\||‘ T T ||\|||I T |\\|\|§ T
1t 10 I3 15 0? 10" 0* 10 10* 0’ 10* 10
FITC-4 FITC-# FITC-#

Figure 14. Flow cytometric analysis of cellular binding and uptake of green fluorescent liposomes by bEnd.3 cells activated
with 50 ng/ml TNF-«a for 4 hours. Cellular fluorescence of cells incubated with unconjugated liposomes (B) or anti-VCAM-1-
liposomes (C) for 2 hours at 37 °C did not differ from background fluorescence of the cells (A). A) Cells not incubated with
liposomes. B) Cells incubated with unconjugated liposomes. C) Cells incubated with anti-VCAM-1-liposomes.

Positive cells Mean intensity

No liposomes 1 180
Unconjugated liposomes 3.2 181
Anti-VCAM-1-liposomes 1.7 183

Table 4. Percentage of positive cells and mean fluorescence in-
tensity of bEnd.3 cells determined by flow cytometric analysis.
The percentage of positive cells and the mean cellular fluores-
cence intensity did not differ from background values after incu-
bation with neither unconjugated liposomes nor anti-VCAM-1-
liposomes for 2 hours at 37 °C. Positive cells: Percentage of cells
above background level of fluorescence. Mean intensity: Mean
green fluorescent intensity of cells above background.

4.5 In Vivo Biodistribution of Liposomes

In order to study the in vivo stability of the liposomal formulation and develop an appropriate method
for assessing the biodistribution of fluorescent liposomes two mice were injected intravenously with
unconjugated liposomes. 24 hours later a blood sample were obtained before terminating the mice by
transcardial perfusion and the mouse brains were removed together with organs of relevance to lipo-
somal clearance or liposome associated side effects. Fixated tissue sections from the removed organs
were examined for liposome accumulation by fluorescence microscopy and compared to control sec-
tions from a rat that had not received any liposomes. In general, the background fluorescence of the
fixated sections was quite high, making it difficult to identify accumulated liposomes. Therefore micro-
scopic examination yielded no conclusions regarding biodistribution of injected liposomes in most of
the organs. However, in the liver and spleen of the two nude mice green fluorescence could clearly be
observed, when compared to control rat sections. Liver sections from the two nude mice showed ac-
cumulation of green fluorescent liposomes in what appeared to be single cells, randomly distribution
throughout the liver tissue (Figure 15A and B), whereas no localized fluorescence was observed in the
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control liver sections (Figure 15C). In the spleen, green fluorescent liposomes was primarily localized
in distinct areas (Figure 15D and E), and the intensity was clearly higher than the corresponding back-
ground fluorescence of control sections (Figure 15F).

Liposomes Liposomes No liposomes

Figure 15. Distribution of unconjugated green fluorescent liposomes in liver and spleen sections. Accumulation of unconju-
gated liposomes could be observed in cells scattered throughout the liver (A and B) and in the distinct areas of the spleen (D
and E) 24 hours after intravenous injection in two nude mice, when compared to liver (C) and spleen (F) sections from a rat
receiving no liposomes. A-C) Liver sections. D-F) Spleen sections. A, B, D, and E) Sections from two different mice 24 hours
after injection with unconjugated green fluorescent liposomes. C and F) Control sections from a rat receiving no liposomes.
All images: 100x magnification.

In order to determine the tissue accumulation of fluorescent liposomes quantitatively, fresh frozen
samples of the removed organs were thoroughly homogenized for fluorescence spectroscopy. After
measuring fluorescence intensity of the tissue homogenates, obtained values were normalized by the
amount of homogenized tissue to enable comparison of the samples. The background levels of fluores-
cence in the different tissues were assessed by analyzing homogenized rat tissue. However, due to
time constraints, only brain, liver, spleen, and blood homogenates from one mouse and corresponding
control samples have been analyzed so far. Samples of each tissue were homogenized in two different
buffers, to investigate the effect of including mild detergents herein, but no consistent difference be-
tween the two buffers could be observed in fluorescence intensity. The results from analysis of sam-
ples homogenized in detergent-containing buffer are listed in Table 5. All samples from the mice in-
jected with liposomes displayed higher fluorescence than the background fluorescence of the asso-
ciated control samples, indicating that after 24 hours of circulation liposomes had accumulated in the
brain, liver and spleen, and was still present in the blood. Compared to the brain samples, the observed
difference between liposome containing sample and control for both the liver and spleen was more
than three times larger, suggesting a higher accumulation of unconjugated liposomes in these tissues.
Fluorescence intensity of the analyzed blood plasma was much higher for both animals than for any of
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the analyzed tissue homogenates. However, even though equivalent volumes of plasma and tissue ho-
mogenate were analyzed, the obtained fluorescence intensities cannot be directly compared, since
serum was analyzed directly without further homogenization and therefore not diluted to the same
extent as the homogenates. Overall, fluorescence spectroscopy indeed seems to be a feasible method
for detecting the extent of liposomal accumulation in different tissues in vivo, but further analysis will
have to confirm this for the remaining organs of interest.

Brain Liver Spleen | Blood

Unconjugated liposomes 518* 1739 1310 200165

No liposomes 220 690 343 115495

Difference 298 1049 967 184670
Table 5. Arbitrary flourescence intensity of tissue homogenates
and blood serum. All samples from the nude mouse injected with
liposomes 24 hours earlier clearly exhibited a higher level of fluo-
rescence than control rat samples, and it seemed that liposomes
accumulated more readily in the liver and spleen than in the in-
tracranial tumor of the nude mouse. *) Arbitrary fluorescence in-
tensity of tumor tissue. The arbitrary fluorescence intensities cor-
respond to 100 pl of tissue homogenate and 100 pl of blood se-
rum. All tissue homogenate fluorescence intensities were norma-
lized with the amount of homogenized tissue. Fluorescence inten-
sities were determined at an excitation wavelength of 457 nm and
an emission wavelength of 532 nm.
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5 DISCUSSION

5.1 Tumor Growth and Vascular Permeability of Intracranial U-87 MG Tumor Xenografts
One of the primary aims of this thesis was to establish an intracranial animal model of human glioblas-
toma multiforme and characterize this model with respect to tumor growth and vascular permeability.
For this purpose, the immortalized human glioblastoma cell line U-87 MG was chosen, based on the
fact that it is one of the most widely used and well-characterized immortalized glioblastoma cell lines
both for in vitro studies and in vivo implantation. To investigate the tumorigenic potential in vivo of U-
87 MG cells, two different doses of U-87 MG cells was inoculated into the striatum of three immunode-
ficient mice, and within three weeks two out of the three mice developed signs of intracranial tumor
growth, assessed by a significant, progressive loss of weight. Histological analysis revealed a very large
tumor in the brain of the mouse injected with the largest bolus of cancer cells, and this mouse was in
fact also the mouse that displayed significant weight loss first. However, only a few days later the
mouse inoculated with half as many cancer cells also started losing weight, even though the size of this
tumor was much smaller. Using a small animal stereotactic apparatus, the needle of the syringe con-
taining U-87 MG cells was targeted to the striatum, but due to extensive growth and local invasion of
the established tumors, it was difficult to assess the achieved accuracy of their location. Furthermore,
the tumor in the brain of the mouse inoculated with the smallest dose of cancer cells, extended almost
into the cortical area, possibly reflecting the growth of cancer cells that had ascended through the
track of the needle after its removal. In future experiments, this might be limited by the use of a sy-
ringe with a smaller needle. Overall, it might be advantageous to examine the exact location of tumor
development at an earlier time point after cancer cell implantation. Based on the experiences from this
experiment, the smallest dose of 500,000 cancer cells was chosen as a sufficient dose for establishing
intracranial U-87 MG xenografts in nude mice. Using this protocol, the three mice used for investigat-
ing of liposomal biodistribution were inoculated with cancer cells, and the success rate of tumor de-
velopment was again two out of three as assessed by weight loss and macroscopic examination of
brain sections.

Compared to published studies using intracranial implantation of U-87 MG cells in nude mice as
a tumor xenograft model, our observations in general correlated well with reports of time to visible
manifestations of tumor development and the size of the developed tumors (147, 149, 156, 157). For
example, two studies demonstrated a median survival of 21 days (158) and between 21-32 days in a
series of experiments (159) for untreated nude mice inoculated intracranially with 500,000 U-87 MG
cells. This fits well with time points to mouse euthanasia due to loss of more than 20 % of baseline
weight in our experiments. In addition, Laccabue et al 2001 (159) stated that the only observed ma-
nifestation of tumor growth was weight loss, which was also the case for the majority of the mice in-
cluded in our experiments. However, our rate of tumor development was much lower than their rate
of 100 % success after injection of 500,000 U-87 MG cells. One major reason for this difference is
probably that the nude mice used in the study by Laccabue et al were only 9 weeks old at the time of
cancer cell inoculation, compared to our mice being 6-10 months old, and it is well-established that the
success rate for tumor development in nude mice decreases significantly with age (144). In further
experiments mice of maximally 2-3 months of age will therefore be used in order to gain a higher suc-
cess rate of tumor xenograft development.

Vascular permeability of the vessels within U-87 MG tumor xenografts was investigated by visu-
alizing the distribution of intratumoral peroxidase activity and mouse albumin. Compared to healthy
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brain tissue some evidence of increased accumulation of both these molecules in the tumor area could
be observed, which might be interpreted as increased permeability of the tumor vessels. Diffuse DAB
staining primarily occurred in the central areas of the tumor tissue, possibly indicating increased vas-
cular permeability being confined to the tumor center. However, it was difficult to assess in which
compartment of the tumor the peroxidase and albumin accumulation had occurred. Counterstaining
with a nuclear stain such as DAPI or Hoeschst and staining with a vessel markers such as CD31 (plate-
let endothelial cell adhesion molecule-1) or von Willibrand factor might be helpful in confirming the
extravascular location of the accumulated peroxidase and mouse albumin. If vascular permeability
indeed is present in the tumor xenografts, it would be interesting to investigate the molecular cut-off
size of extravasating molecules, since immunoliposomes targeting the U-87 MG cells would accumulate
in the tumor via the EPR effect. The size of the liposomes should therefore be guided by the size of the
existing pores. Even though it is generally accepted that widespread angiogenesis occurs in U-87 MG
xenografts, possible effects on vascular permeability and fenestrations have not been widely investi-
gated. However, one study has demonstrated vascular permeability of intracranial tumors derived
from implanted U-87 MG cells using gadolinium-DTPA contrast magnetic resonance imaging. Follow-
ing administration of the contrast agent, imaging showed hyperintense enhancement of the tumor
area, indicating tumor vessel permeability since gadolinium-DTPA only can extravasate into the inters-
titial space, when the blood-brain barrier is disrupted. (160) In addition, two studies investigated the
vascular characteristics of implanted pieces of subcutaneously grown U-87 xenografts in an intra-
cranial window. Using this model vascular permeability to fluorescently labeled BSA was demonstrat-
ed (161), as well as a tumor vessel pore cut-off size of approximately 100 nm (119). Thus, accumulat-
ing evidence show that intracranial U-87 MG xenografts indeed exhibit vascular permeability, but to
achieve efficient intratumoral accumulation liposome size might need to be reduced to less than 100
nm.

5.2 In Vitro and In Vivo Target Expression

The expression of chosen targets for liposomal targeting was investigated both in vitro and in vivo for
model systems of glioblastoma multiforme. The cancer cell target, EGFR, was clearly expressed by U-
87 MG cells both in culture and after in vivo implantation, and therefore seems to be a good option for
liposomal targeting of cancer cells. However, in glioblastoma patients EGFR expression is often ac-
companied by gene amplification and rearrangement. In comparison, the U-87 MG cell line only ex-
press modest levels of wild type EGFR (145, 162), since primary glioblastoma cells rapidly loose gene
amplification and rearrangement, when cultured in vitro (158). VCAM-1 was chosen as the endothelial
cell target of glioblastoma multiforme, based on success with vascular targeting of immunoliposomes
using this molecule in other animal models of human cancers (79). The immortalized murine brain
endothelial cell line, bEnd.3, was used as the in vitro equivalent of the host vessels that extend into the
tumor xenograft. To induce an inflammatory condition, mimicking the in vivo tumor environment, the
cells were treated with 50 ng/ml TNF-« for 4 hours. TNF- a is a cytokine, which is known to induce
expression of several cell adhesion molecules, including VCAM-1 on endothelial cells (163). The specif-
ic setup was chosen based on the observed expression of VCAM-1 and practical issues, combined with
the desire to limit the amount of added TNF-a and time of incubation, since this cytokine can be highly
toxic to endothelial cells (164). In the tumor xenografts, only scarce expression of VCAM-1 was de-
tected, and this molecule should therefore be revised as a tumor endothelial target, at least in this spe-
cific model of glioblastoma multiforme. In fact, the expression pattern of VCAM-1 as well as other leu-
kocyte adhesion molecules in tumors is known to vary with different tumor types and vary locally
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within the specific tumor lesion (135, 138). The differential expression have been suggested to play a
role in tumor immune escape, since the orderly expression of adhesion molecules involved in leuko-
cyte diapedesis must be strictly controlled to result in successful transendothelial migration (133).
Targeting of immunoliposomes to VCAM-1 have been done successfully in tumor xenografts of other
cancer types, but no existing literature have demonstrated widespread expression of this molecule
neither in animal models of glioblastoma multiforme, nor in tissue samples obtained from patients.

5.3 Properties of Prepared Liposomes

The physical characteristics of liposomes are important determinants of their behavior in vitro and in
vivo and must therefore be carefully considered when preparing liposomes for cancer targeting. The
size of liposomes is an important determinant of the in vivo tissue distribution, accumulation in tumor
tissue due to ERP effect, and as well as the circulation time. The observed size of 110-120 nm with a
narrow size distribution for the prepared unconjugated liposomes correlates well with the size ob-
tained by extrusion through 0.1 um polycarbonate filters in published studies (128, 130, 165). Howev-
er, antibody conjugation when using a lipid composition similar to the liposomes prepared in the work
of this thesis was in general only reported to increase size by 10 nm (60, 166, 167). This is much less
than observed increase between 50-100 nm during conjugation of Erbitux and during the optimization
of the protocol for conjugation of IgG. The unexpected large increase in size of the liposomes might be
caused by the aggregation of preformed liposomes, or by cross-linking of one antibody to several mi-
celles, leading to cross-linking of liposomes during micelle transfer of the conjugated antibodiesLipo-
somes composed of a lipid composition comparable to the liposomes investigated in this thesis are
generally slightly negative. The measured zeta potential for unconjugated liposomes and Erbitux®-
liposomes fits well with reported zeta potentials for similar liposomal preparations (167). However,
for some reason the zeta potential of the anti-VCAM-1-liposomes was almost neutral. A zeta potential
of this value have not been observed before, when preparing liposomes of this lipid composition.

The calculated antibody coupling efficiency for the Erbitux®-liposomes was very high compared
to the achieved antibody coupling reported by others using the micelle post insertion technique, in
general reporting between 25-40 pg of antibody per pmol lipid (143). In contrast, the calculated
amount of conjugated antibody for the anti-VCAM-1-liposomes resembled the coupling efficiencies
reported by others. The amount of conjugated antibody and the number of antibody molecules per
liposome were calculated from quantified protein and phosphatidyl choline concentrations of the final
liposome suspensions. The prepared protein standard curve displayed perfect linearity, whereas sev-
eral of the phosphatidyl choline standards clearly were divergent from the obtained standard curve.
The resulting lack of precision might lead to under or over estimation of the total lipid content of the
liposome suspensions, severely biasing the calculated protein-to-lipid ratios. Nevertheless, the in vitro
cellular uptake study confirmed that the conjugated amount of Erbitux® indeed was sufficient to in-
duce specific uptake of the liposomes by EGFR-expressing cells, while the conjugated VCAM-1 antibo-
dy seemed insufficient to induce liposome internalization by VCAM-1 expressing cells. An explanation
for the variation in antibody conjugation might be the large difference in concentration of the two an-
tibodies. After upconcentration of SATA-modified antibody, the VCAM-1 antibody was 20 times less
concentrated than Erbitux®, due to an initial concentration of only 0.5 mg anti-VCAM-1 antibody per
ml and a minimal concentration value of approximately 1 ml. When adding the corresponding molar
ratio of micelles to the activated antibodies, the conjugation reaction will progress much more effec-
tively if the protein to be coupled is highly concentrated. An moderate antibody concentration for in
vivo cancer targeting has proven most advantageous, since this coupling balances the need for a high
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target binding affinity and the need for prolonged circulation of the immunoliposomes. An approach to
achieve higher coupling efficiency, while retaining a long half life in vivo is the use of antibody frag-
ments as targeting agents instead of whole antibodies. Antibody fragments lack the Fc region and
therefore the immunoliposome recognition and uptake by the RES occurs more slowly. Furthermore,
fab fragments contain an inherent thiol group, liberated by cleaving the disulfur bridge to the constant
part of the antibody. The thiol group can be utilized for coupling to maleimide, eliminating the need for
SATA-modification of the targeting agent and thereby improving control over liposomal orientation
and reducing the risk of cross-linking.

5.4 In Vitro Cellular Binding and Uptake of Liposomes

Specific uptake of Erbitux®-liposomes by U-87 MG cells in vitro was confirmed by both fluorescence
microscopic investigations and flow cytometric analysis. In agreement with these results, Mamot and
colleagues also showed specific uptake of liposomes conjugated with Erbitux® antibodies or frag-
ments by U-87 MG cells (128). Here, fluorescence microscopy revealed extensive internalization and
cytoplasmic accumulation of immunoliposomes in cultured cells after incubation at 37 °C for 2 hours
with liposomes, followed by removal of unbound liposomes and growth for 2 hours without lipo-
somes. In further studies, these immunoliposomes were also demonstrated to display significant
intracellular accumulation in U-87 MG cells of subcutaneous tumor xenografts as well as improved
therapeutic effects of doxorubicin-loaded immunoliposomes compared to untargeted liposomes and
free drug (59). Overall, experiments performed with the Erbitux®-liposomes in this thesis provides
proof of principle that the conjugation of antibody to liposomes through the developed post insertion
protocol in fact can induce specific cellular uptake of prepared immunoliposomes. However, the proto-
cols used in the work of this thesis did not distinguish between cell surface binding of liposomes and
internalization, since flow cytometer analysis measures the total cell fluorescence and it is difficult to
distinguish between true cytoplasmic and surface bound liposomes by standard fluorescence micro-
scopy. Surface bound liposomes can be removed by washing cells with citrate buffer before perform-
ing flow cytometer analysis and thereby only the internalized fraction of cell bound liposomes is
measured. In contrast, the fraction of cell surface associated liposomes can be determined as the dif-
ference in cellular fluorescence before and after washing with citrate bulffer.

No cellular uptake of anti-VCAM-1-liposomes was observed by fluorescence microscopy or flow
cytometer analysis. Since the bEnd.3 cells demonstrated expression of VCAM-1 at a significant level
after TNF-a treatment and the used antibody previously have been applied for directing cellular up-
take of liposomes (79), the lack of immunoliposome uptake probably reflected an insufficient amount
of coupled antibody to the liposomes. Thus, further investigations will need to reveal if conjugation of
more antibody to the liposomes induce specific cellular uptake.

5.5 In Vivo Biodistribution of Liposomes

After identification of suitable targets and proof of principle that immunoliposomal targeting hereof
induce specific cellular uptake, the next step is to investigate the liposomal behavior in vivo. Therefore
two methods for assessing the tissue distribution of fluorescent liposomes were investigated. Micro-
scopic analysis revealed inconclusive results for most of the investigated tissues, due to a high back-
ground level of fluorescence of the fixated tissues and only in the liver and spleen liposomal fluores-
cence could be distinguished from the background signal. In the liver, liposomes exhibited a wide-
spread pattern of accumulation, mimicking the liposomal pattern observed by other research groups,
proposed to be consistent with the distribution of inherent macrophages, the Kuppfer cells. In the
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spleen, liposomes seemed to accumulate in the distinct areas, consistent with the liposome uptake by
macrophages of the RES. Counterstaining of tissue sections with markers against macrophages could
aid in confirming such speculations. Fluorescence spectroscopy of tissue homogenates also indicated
significant uptake of liposomes by the spleen and liver, at least when compared to brain tissue. Thus it
seems plausible that fluorescence spectroscopy can be used to determine tissue accumulation of fluo-
rescent liposomes, regardless of background fluorescence of the homogenized tissue. However, both
methods require some optimization prior to further use. It might be advantageous to investigate sec-
tions of fresh, frozen tissue by fluorescence microscopy, to minimize fixation induced autofluores-
cence. Florescence spectroscopy determination of liposome accumulation also requires some optimi-
zation, especially with respect to intersample comparability. A higher degree of intersample compara-
bility would enable quantification of nmol lipid per sample of tissue homogenate from a liposome
standard curve and relate this to the amount of homogenized tissue to calculate the percentage of in-
jected liposome dose that has accumulated in each organ.

5.6 Future Perspectives

So far, immunoliposomes for use in targeted cancer therapy have solely been investigated in the prec-
linical setting. Obtained results certainly provide a promise that in the future this drug carrier system
could achieve more specific and less toxic clinical delivery of a wide variation of anticancer drugs in
cancers such as glioblastoma multiforme, where currently available therapy lacks efficiency. However,
for liposome-based anticancer therapy to display maximal effect and minimal side effects, it requires
identification of specific target molecules and appropriate drugs to be delivered. Targeting of several
distinct tumor compartments by combining immunoliposomes of different targeting specificities could
aid in directing drugs to a larger proportion of the tumor. It can be difficult to achieve a sufficient drug
delivery using only one targeting agent due to the heterogeneous molecular profile of both cancer cells
and tumor endothelial cells. In addition, applying liposomes directed to a single target probably could
result in development of cellular resistance mechanisms, as observed in the clinical setting when ad-
ministering molecular targeted drugs as monotherapy. Simultaneous liposomal drug delivery to sev-
eral distinct cell populations within the tumor, such as cancer cells and tumor endothelial cells, as well
as putative cancer stem cells, might generate synergistic therapeutic effects and minimize drug resis-
tance.

An advantage of using the post insertion technique for preparation of cancer targeted immuno-
liposomes is that this technique has the potential for development of a “mix and match” strategy.
Based on the molecular profile of a specific tumor, patient-specific antibodies can be conjugated to
commercially available untargeted liposomes, tailoring drug-loaded immunoliposomes to the tumor
cells. If an arsenal of liposomes containing different therapeutic molecules is made available, this ap-
proach allow not only for tailoring the targeting antibody but also the active drug to the molecular
profile of the target cell. Thus, based on the molecular characteristics of the different cell populations
within a specific tumor, immunoliposomes that target a highly expressed molecule and contain a drug
of anticipated effect can be prepared specifically for the chosen target cell population. In the clinical
setting, this allows application of highly “personalized”, multitargeted immunoliposomes for the single
patient.
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6 CONCLUSION

One of the primary aims of this thesis was to develop and characterize an intracranial animal model of
human glioblastoma multiforme. Cells of the human glioblastoma multiforme line U-87 MG were in-
oculated into the striatum of immunodeficient nude mice and approximately 3-4 weeks after cancer
cell implantation tumor growth manifested as progressive loss of weight in two thirds of the animals.
The brains of two mice were sectioned and investigated histologically, revealing extensive growth and
local invasion of the developed tumors. Furthermore, the intratumoral accumulation of peroxidase
injected intraperitoneally and mouse albumin was investigated as a measure of vascular permeability
within the tumor. DAB staining demonstrated some diffuse peroxidase activity in the central area of
the tumor, neither observed in normal brain tissue nor in the tumor tissue of the mouse that had not
received any exogenous peroxidase. Accordingly, some diffuse accumulation of mouse albumin could
also be observed in the tumor area compared to normal brain tissue. In summary, the intracranial U-
87 MG tumor xenograft model recapitulates important features of human glioblastoma multiforme,
such as aggressive growth, local invasion, and probably also some degree of vascular leakiness. Fur-
ther investigations might aid in characterizing the exact tumor compartment where accumulation oc-
curs and the extent of vascular permeability.

Another aim was to develop a protocol for preparation of immunoliposomes, based on the mi-
celle post insertion technique. The protocol was used for preparation of immunoliposomes conjugated
with the EGFR-antibody Erbitux® for targeting U-87 MG cells and conjugated with VCAM-1 antibody
for targeting murine brain endothelial cells. Erbitux®-liposomes demonstrated significant cellular
binding and uptake by the U-87 MG cells in contrast to unconjugated liposomes. However, no uptake of
anti-VCAM-1 liposomes by TNF-a activated cells of the murine brain endothelial line, bEnd.3, could be
detected. Immunocytochemical investigation had confirmed the expression of VCAM-1 by TNF-«
treated bEnd.3 cells. Therefore, the cause of insufficient liposomal binding to the cells might be the
much lower conjugation achieved for VCAM-1 antibody compared to Erbitux®. Optimizing coupling
conditions and antibody concentration may result in a higher amount of conjugated VCAM-1 antibody
and specific cellular uptake of anti-VCAM-1-immunoliposomes.

Furthermore, methods for assessing the tissue distribution of fluorescent liposomes in vivo were
investigated. Fluorescence microscopy of tissue sections was hampered by a high background signal
and fluorescent liposomes could only be detected in the liver and the spleen, in a pattern resembling
the macrophage distribution within these organs. Fluorescence spectroscopy of tissue homogenates
yielded promising results, however due to time constraints data have only been obtained for some
tissues. After further optimization and validation of these methods, it would be interesting to explore
the in vivo characteristics of the Erbitux®-liposomes in the established U-87 MG tumor xenograft
model, perhaps along with liposomes targeting the tumor endothelial cells via another marker than
VCAM-1.
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