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Introduction 

Cancer 
Cancer is a heterogeneous group of malignant diseases. Worldwide, cancer 
is a leading cause of death in developed countries. In Sweden it is the second 
leading cause of death, all age groups included, and over 50 000 persons are 
diagnosed with malignant tumours every year. The numbers have increased 
steadily over the last years. Reasons for this are more sensitive diagnostic 
techniques and an older population. [1, 2] 

Hanahan and Weinberg have summarized requirements for the transfor-
mation the normal cell undergoes on its way to becoming a malignant cell 
[3, 4]. These requirements, or hallmarks as they are referred to in the publi-
cations are: sustaining proliferative signalling, evading growth suppressors, 
resisting cell death, enabling replicative immortality, inducing angiogenesis, 
activating invasiveness and metastasis, reprogramming of energy metabo-
lism and evading immune destruction.  Despite of the heterogeneity of all 
malignancies, these hallmarks describe features shared by most and perhaps 
all types of human cancer.  

Metastases 
One of the characteristics of malignant cells is their ability to grow invasive, 
and to disseminate from the primary tumour and continue to duplicate at 
another site, forming a metastasis. Tumour cells spread via two major routes: 
lymphatic vessels or the blood stream. Generally, metastases arising in the 
regional lymph nodes are spread via lymphatic drainage. Metastases appear-
ing at distant sites from the primary tumour are regarded as having spread 
via the blood vascular system [5]. Different types of cancer spread different-
ly; in addition, different tumour types have different organ preference when 
it comes to metastasizing. Certain tumour cells favour certain host-organs 
[5]. According to the hallmarks of cancer, the microenvironment is an im-
portant factor when it comes to tumour establishment [3], and an explanation 
why metastases patterns are easy to predict in certain tumour types. Well-
perfused organs are more predisposed to circulating tumour cells, and not 
surprisingly it is the filtering organs like liver, bone and well-perfused or-
gans like the brain or lungs that are the most common sites for spread [5]. 
For long, ability to metastasize has been considered the last step in the multi-
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step primary tumour progression [3, 5]. Recent findings have shown that 
dissemination can occur even from pre-neoplastic lesions, but if those cells 
have acquired the necessary transformations to colonize the new site is yet to 
be investigated [3, 6, 7].  

Therapies in clinical use 
Three main treatments of cancer are used today: external irradiation, surgery 
and cytotoxic drugs (chemotherapy). If possible, surgery is the preferred 
treatment. It is the only way to remove a large tumour mass quickly. Surgery 
is often combined with irradiation or cytotoxic drugs or both, to kill the re-
maining tumour cells. When surgery is not possible, the tumour mass must 
be controlled with irradiation or cytotoxic drugs. Neither irradiation nor 
chemotherapy is specific to the malignant cells and is therefore associated 
with more or less severe side effects.  

Using antibodies is a way of taking advantage of the specific, or overex-
pressed surface antigens on the tumour cell surface. The antibodies can block 
or stimulate the function of the target receptor and thereby induce apoptosis, or 
just turn off the proliferative signalling, putting the cells into growth arrest. 
The antibodies also function as markers for the immune system and can induce 
immune-mediated elimination of tumour cells via IgG mechanisms. IgG labels 
the cells as targets for phagocytosis of marcophages or cytolysis of natural 
killer cells [8]. There are a number of monoclonal antibodies commercially 
available in the EU. Examples of antibodies in clinical use are: Herceptin 
(trastuzumab) in breast cancer and Mabthera (rituximab) in lymphoma. 

Tyrosine kinase inhibitors are receptor specific molecules that interfere 
with the catalytic domain of tyrosine kinase receptors and thereby modulate 
the signalling. Tyrosine kinases are enzymes that when activated play an 
important role in growth promotion and proliferation, induce anti-apoptotic 
effects and promote angiogenesis and metastasis. Mutations in the tyrosine 
kinases can make the enzyme resistant against control mechanism, leaving 
the enzyme in a constant activated mode. Tyrosine kinase inhibitors turn off 
the constant activation/oncogenic signalling, and can therefore inhibit 
growth and proliferation. Two examples of tyrosin kinase inhibitors are 
Imatinib (Gleevec), which is used in different types of leukaemia, and Ge-
fitinib (Iressa), used in epidermal growth factor receptor (EGFR) positive 
cancer types. [9] 

Treatment modalities that only are used to minor extent but are probable to 
gain more attention in the future are gene therapy, immune therapy and radi-
onuclide therapy. In gene therapy the goal is to normalize growth controlling 
or apoptosis regulating mechanisms in the cell, by introducing functional 
suppressor genes. Immune therapy aims at helping the immune system to 
recognize and attacking the tumour by endogenous mechanisms. Cytokines, 
interleukins and cancer vaccines are examples of immunotherapy.  
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Disseminated disease remains a challenge to treat. Disseminated cells in 
the blood stream are difficult to detect since the concentration in circulating 
blood is very low, only a few hundred cells per ml blood according to van 
der Stolpe et al [10].  In the future it is the disseminated cells in the blood 
that are expected to replace metastatic tissue biopsies to be used to predict 
drug response and resistance and to monitor therapy response and cancer 
recurrence [10]. 

Radionuclide therapy 
Although radionuclide therapy is scarcely a new treatment for cancer, the 
absence of new radionuclide drugs for therapy is obvious. For almost 60 
years 131I has had an important and successful role in the treatment of thyroid 
carcinoma [11, 12]. 32P-orthophosphate has been used in the treatment of 
certain myeloproliferative malignancies for almost as long. Since then only a 
few radionuclide drugs have come in use. 131I coupled to benzylguadinine 
(131I-MIBG) is used in the treatment of tumours derived from the neural 
crest. Bone metastases are the target for bone seekers such as 89Sr-chloride, 
186Re-etidronate and 153Sm-EDTMP [12]. Octreotide is a somatostatin-
analogue used for neuroendocrine tumours coupled to 177Lu [13]. The only 
approved targeted radionuclide therapy medical devices available are two 
monoclonal antibodies coupled to 90Y and 131I respectively. Zevalin is 90Y-
labelled ibritumomab tiuxetan [14] and Bexxar is 131I-labelled tositumomab 
[15, 16]. Both Zevalin and Bexxar are used in B-cell lymphoma and target a 
surface protein, CD20, on lymphocytes.  

In a therapy application, the choice of an optimal radionuclide is crucial 
for obtaining appropriate tumour irradiation. Nuclides emitting particles with 
longer range are suitable for solid tumours in which the cross fire of particles 
between the cells can be advantageous. The use of long-range particle emit-
ters in smaller tumours only gives more irradiation of surrounding healthy 
tissue without increasing the desired effect. The path length of the radionu-
clide should as far as possible match the size of the tumour. Beta emitters 
with particle range of mm to cm in tissue are most suitable in the treatment 
for tumours up to a few cm while alpha particles, with a typical range of 50-
70 m, are best suited for micrometastases or small clusters of cells. Auger 
electrons are in the subcellular range and radionuclides emitting these are 
therefore most suited for disseminated cells. 

Auger electrons 
Auger electrons are low-energy electrons with very short pathlength. An 
Auger electron cascade starts with an electron vacancy in the inner electronic 
shell. The vacancy can be due to electron capture and/or internal conversion. 
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A rearrangement between the electronic shells thereafter moves the vacancy 
towards the outermost shell. Each inner shell electron transition results in 
either a characteristic X-ray or a monoenergetic electron. Since there are 
several electron transitions between the shells in the same atom, the emitted 
electrons come in cascades. These electrons are collectively known as Auger 
electrons, named after their discoverer [17, 18]. 

The number of emitted Auger electrons per decay is specific to each Au-
ger emitting nuclide. The radiohalogen 125I, used in this thesis, emits 20-22 
electrons per decay [17, 19, 20]. The electrons have generally low energy but 
the short path length of the electrons makes the energy deposition around the 
decay site large. Due to this, the ionizations are situated within a few cubic 
nanometers around the decay. The localization of the decaying nuclide is of 
highest importance if used for therapeutic applications. In the cytoplasm or 
outside the cell, the energy deposition is far from critical structures (DNA) 
and produces therefore survival curves similar to X-rays [17]. If, for exam-
ple, 125I is built into DNA via the thymidinanalogue 5-[125I]-iodo-2’-
deoxyuridine (125IdUrd) each decay can result in more than one double-
strand break (DSB) [21]. The effect obtained from all the low-energy elec-
trons produces damages that are also seen with particles with much higher 
linear energy transfer. This effect is also known as the Auger effect. Further, 
the DSBs produced when 125I decays in close proximity to DNA are more or 
less fragmentations of DNA around the area of the decay, producing a multi-
ple damaged site. This clustered DNA-damage is very difficult for the cell to 
repair [22, 23].   

Two-step targeting 
Tumour targeting strategies with Auger electrons for radionuclide therapy 
must go one step further than just guiding the nuclide to the cell. Transport 
into the nucleus and preferably into the DNA is a pre-requisite for effect. 
Several different approaches for reaching the nucleus are present in the liter-
ature. Using substances like endogenous transcription factors, such as 
growth factors or hormones, is a way to guide nuclides into the cell nucleus. 
111In labelled epidermal growth factor (EGF, discussed in detail below), sug-
gested as a transcription factor, has been tested in vivo with EGF receptor 
(EGFR) positive breast cancer cells, achieving antitumoral effect [24, 25]. A 
preparative study for phase I clinical trial was also reported where they suc-
ceeded to safely administer maximum planned dose in mice and rabbits [25, 
26]. 111In coupled to octreotide has been shown to localize in the nucleus 
when administered as scintigraphy for surgery in patients with midgut car-
cinoids using [111In-DTPA-D-Phe1]-octreotide [27]. Another nuclear target-
ing approach is to insert the nuclear localization sequence (NLS) into the 
targeting agent. Similar nuclear localization sequences have been found in 
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for example EGFR and might function as address tags to the nucleus [28]. 
NLS is a peptide that interacts with transport proteins and facilitates the pas-
sage of cargo proteins through the nuclear pore complex [28, 29]. 111In com-
bined with NLS and somatostatin derivatives ensured longer retention in 
tumour cells than without the NLS-sequence [30]. NLS can be linked to 
antibodies, and rather successful attempts to increase the radiotoxicity of 
111In compared to only using radiolabelled antibodies have been published 
[29, 31, 32]. 

In this thesis, a two-step targeting strategy based on targeting liposomes 
encapsulating a DNA-intercalating compound was used. In the first step, 
targeting liposomes interact with surface receptors on the tumour cell and 
enter the cell through receptor-mediated endocytosis. The DNA-binding 
compound is the carrier for 125I and brings the radionuclide to the DNA in 
the second step. The targeting liposomes loaded with 125I-labelled DNA-
binder are also called Nuclisome particles (nuclide-liposome) in the papers 
included in this thesis. This two-step concept is particularly suitable for dis-
seminated cells or small cell clusters, for example in the abdominal cavity. 
Several tumour types are known to spread in the abdomen, e.g. ovarian, gas-
tro-intestinal, colorectal, uterine and cervix cancers.  

 
Targets 
Among the identified potential targets for targeting liposomes are the human 
epidermal growth factor receptors (ErbB), essential mediators of cell prolif-
eration and differentiation. The ErbB family comprises EGFR (ErbB1), 
HER2 (HER2/neu, ErbB2), HER3 (ErbB3) and HER4 (ErbB4) [33].  

The receptors consist of an extracellular binding domain, a transmem-
brane lipophilic segment and an intracellular tyrosine kinase domain. They 
have the same basic structure with high degree of homology within the re-
ceptor family. When a ligand binds to the receptor, the receptor is stimulated 
to dimerize with another receptor. Dimerization between two identical recep-
tors is called homodimerization, and dimerization between two different 
receptors of the same family is called heterodimerization [34]. After dimeri-
zation the receptor is activated and autophosphorylates. This starts a signal 
transduction cascade inside the cell. The dimers can also transport them-
selves to specialized regions of the cell surface. In these regions it is possible 
for the membrane to enclose the receptor complex and form a vesicle. This is 
a way into the cell for the receptor complex. The vesicle containing the 
EGF-receptor complex ends up in a lysosome, or is recycled and transported 
back to the membrane [35]. 

At least six different ligands bind to the EGFR: EGF, transforming 
growth factor alpha (TGF- ), amphiregulin, heparin binding EGF, betacellu-
lin and epiregulin [34, 36]. No natural ligand to HER2 has been found. 
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However, HER2 is recognised as the favourable co-receptor for EGFR, 
HER3 and HER4 [37-39].  

The normal function of EGFR family receptors includes epithelial devel-
opment in a number of organs such as the brain, heart, intestine, lung, pla-
centa and skin [40]. Both EGFR and HER2 are potent oncogenes and gene 
amplification is common. In EGFR, a known mutation (EGFRvIII) deletes 
extracellular regions and leads to constant activation [41]. HER2 is capable 
of self-activation because of ligand-independent association with another 
EGFR-family receptor. This is a concentration dependent process that is 
believed to occur when HER2 is overexpressed on the cell surface [42]. 
EGFR and HER2 stimulate cell proliferation and apoptotic resistance, pro-
motion of angiogenesis and metastases thus providing a survival advantage 
for the tumour cell [34, 37]. The EGFR and HER2 expression is obviously 
important for tumour cells since overexpression is often conserved in metas-
tases [43-46].  

EGFR has been found overexpressed in different cancer forms, such as 
cancers in cervix, breast, colon, brain, lung and bladder [24, 47, 48]. HER2 is 
found to be overexpressed in mainly breast, ovarian and stomach cancers [40].  

The liposome 
Liposomes were first described in the 1960s [49]. A liposome is a vesicle 
consisting of a phospholipid-bilayer membrane (Figure 1). Phospholipids are 
the main component in most cell membranes and consist of a polar head-
group containing a phosphate coupled to apolar hydrocarbon chains. The 
liposome has an aqueous core into which water-soluble substances can be 
loaded. Liposomes around 100 nm in size are known to accumulate in tu-
mour tissue but not in normal tissue [47, 50]. The vasculature in tumours is 
more permeable than in normal tissue, due to slightly defective endothelial 
walls and production of various permeability factors. Due to this the tumour 
is ensured sufficient supply of nutrients and oxygen for the rapid growth [51, 
52]. The limited lymphatic drainage from the tumour interstitium also en-
hances the accumulation. The enhanced permeability and retention of the 
tumour tissue is known as the EPR effect and is extensively used in drug 
delivery concepts [47, 51-54]. Liposomal formulations have many ad-
vantages as drug carriers. Each liposome can contain a large number of drug 
molecules and the drug is protected against degradative enzymes. More im-
portantly, healthy tissue is protected against the potentially harmful drug 
inside the liposome during the transport to the target site. Drugs with poor 
solubility in water can be successfully formulated into the hydrophobic parts 
of lipid micelles or liposomes [55]. Liposomal approaches in drug delivery 
may also overcome the problems with chemotherapy-resistant tumour types, 
by avoiding drug efflux mechanisms [56]. Liposomes have a rapid clearance 
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from the circulatory system because of extensive uptake and degradation by 
the mononuclear phagocytary system (MPS). If the liposome is stabilized 
with poly(ethylene glycol) (PEG) the circulation time improves dramatically 
due to the PEG-liposome being less disposed to MPS recognition [57-59].  

 
 

 
 

Figure 1. A liposome. Spherical structure of phospholipid membrane with 
an aqueous inner core. 

Drug-loaded liposomes 
Liposomes as drug delivery systems have entered the mainstream of drug 
delivery with several approved liposomal drugs for different therapeutic 
indications on the market [55]. Anthracyclines such as doxorubicin and 
daunorubicin are widely used drugs for encapsulation into liposomes [60-
66]. Both doxorubicin and daunorubicin are extensively used as cytotoxic 
drugs in the clinic today. Doxorubicin is used in the treatment of bone sar-
coma, soft tissue sarcomas and carcinomas in the lung, breast, thyroid, blad-
der, ovary, testis, head and neck [5]. Daunorubicin is mostly used in acute 
leukaemia. Anthracyclines have a toxicity profile including myelosupres-
sion, total loss of hair, nausea, vomiting, mucositis and local necrotic dam-
ages to the tissue around the injection site. Repeated administration is close-
ly associated with a risk for chronic irreversible cardiomyopathy. The mech-
anism behind the damage to the cardiac muscle is probably due to free radi-
cals. [5] The potential of liposomes to reduce those toxic effects to normal 
tissue makes it attractive to formulate the anthracyclines in a liposomal de-
livery system. Caelyx, pegylated liposomal doxorubicin, was the first ap-
proved liposomal drug. It was first used for advanced breast cancer or breast 
cancer in women with increased risk for cardiotoxicity, but is now also used 
for other indications for example platinum-resistant ovarian cancer or Kapo-
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sis sarcoma in AIDS patients. In 2010, there were six approved liposomal 
drugs for antineoplastic use (see Table 1) [8, 54]. All of the approved lipo-
somal drugs rely on the passive leakage of liposomes out from the vascula-
ture in tumour areas, and areas of inflammation as their mechanism of deliv-
ery, the EPR effect (see Figure 2). A number of other liposomal drugs are in 
clinical trials, see [64, 65, 67-71]. Clinical trials with liposomal doxorubicin 
and vincristine have shown similar or increased therapeutic efficacy com-
pared to free drugs and significantly lower non-specific toxicity due to al-
tered biodistribution of the anti-cancer agent [47, 68, 72].    

Table 1. Approved liposomal drugs. 

Commercial name Drug Company 

Doxil/Caelyx 
Pegylated liposomal doxoru-
bicin 

Alza/Johnson and Johnson 
(US) Schering-Plough (out-
side US) 

Myocet 
Non-pegylated liposomal 
doxorubicin Elan 

DaunoXome Liposomal daunorubicin Gilead 

DepoCyte Liposomal cytarabin 
Skye Phar-
ma/Enzon/Mundipharma 

Lipoplatin Liposomal cisplatin Regulon 
Marqibo Liposomal vincristine Hana Biosciences 

 
The possibility of attaching a targeting agent to the liposomal membrane 
opened up an interesting field of targeting tumour therapy. Antibodies [73], 
antigen-binding fragments (Fab’) [60-62], single chain fragments [63], af-
fibody molecules [74, 75] or natural ligands [76-78] occur as targeting 
agents in the literature.   

Park et al used Fab’-fragment from rhuMAbHER2 as targeting agent 
coupled to phosphatidylcholine/cholesterol liposomes for delivery of doxo-
rubicin [60]. Interestingly, they showed a dose-dependent decrease in cell 
growth using empty liposomes coupled to the Fab’ fragment. This indicates 
that the antiproliferative activity of the Fab’ fragment is preserved from in-
tact rhuMAbHER2. The targeting liposomes encapsulating doxorubicin  
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Figure 2. Adapted from [55]. An illustration of the accumulation of non-
targeting and targeting liposomes through the EPR effect in a breast cancer 
tumour. The upper picture show liposomes encapsulating anticancer agent 
extravasate through the leaky endothelium in the tumour (dark green) but 
not in normal tissue (light green). The lower left picture shows the leakage 
of encapsulated anticancer drug, which is then taken up by the cell. The 
lower picture to the right shows the receptor mediated uptake of ligand tar-
geted liposomes. The cell surface receptor recognizes the ligand on the lip-
osome and mediates internalisation after binding. After internalisation 
some proportion of the loaded substance can escape the endosome (the ves-
icle created in the internalisation) and get to its intracellular site of action. 

displayed uptake in xenografts in mice, and successfully decreased tumour 
size compared to free doxorubicin [60]. The same study also included exper-
iments with cationic liposomes for delivery of nucleic acids or oligonucleo-
tides, with successful transfection of SK-BR-3 cells in vitro [60]. Other pub-
lications confirm the results of liposomes encapsulating doxorubicin increase 
its antitumoral effect in several different animal models when attaching a 
targeting agent against HER2, such as Fab’ fragment or single chain frag-
ment, to the liposomes [61-63]. Also affibody molecules, a small peptide, 
directed against for example HER2 or EGFR, have been coupled to lipo-
somes encapsulating doxorubicin or mitoxantrone and have shown some 
encouraging results increasing the cytotoxicity in vitro [75, 79]. Other recep-
tors than EGFR/HER2 have been studied in tumour targeting with lipo-
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somes. The folate receptor have been shown to be overexpressed in more 
than 90 % of ovarian carcinomas [80]. Stevens et al have managed to formu-
late a prodrug of paclitaxel in liposomal formulation with folate as the tar-
geting agent [76]. Paclitaxel is difficult to formulate due to its poor solubility 
and the solubility enhancing agent, Cremophor EL, which is present in the 
clinical available drug formulation has been shown to be nephrotoxic and 
induce hypersensitivity. The targeting liposomes in the study Stevens et al 
conducted displayed tumour growth inhibition and longer survival for treated 
mice compared to mice treated with non-targeting liposomes or paclitaxel in 
Cremophor EL-formulation [76]. Non-targeting liposomal paclitaxel formu-
lation has been evaluated in a phase I clinical trial with treatment responses 
even in patients who had failed taxane-based chemotherapy previously [67]. 

Liposomal delivery of radionuclides for cancer therapy is a fairly young 
field of research showing great potential. Lingappa et al reported investiga-
tions with 213Bi linked to the liposomal membrane via a chelate, thus not 
encapsulated into the liposome. A HER2-targeting antibody (called 7.16.4) 
was used as targeting agent and animals treated with targeting liposomes 
showed increased median survival compared to untreated animals, from 29 
to 38 days. The increase in survival was comparable to 213Bi-labelled anti-
body while non-targeting liposomes increased the median survival to 34 
days [73]. Liposomal 111In-labelled vinorelbine (InVNBL) and 188Re-labelled 
doxorubicin (ReDXRL) have been investigated in two different tumour 
models in mice by Lin et al [81]. However, so far only the dose-distribution 
and pharmacokinetics were studied. InVNBL had better accumulation in 
tumour and delivers higher radiation dose to tumour than ReDXRL [81].  

DNA-intercalating compound  
Martin et al were first in proposing 125I-labelled DNA-intercalating agents 
like aminoacridine for potential use in cancer therapy [82]. The idea of using 
DNA-intercalators as vehicles for Auger emitting radionuclides is appealing 
since the intercalating agent not only binds DNA but even places itself in 
between the DNA strands. The probability of damaging the DNA either di-
rectly or indirectly when the radionuclide decays is therefore high. The 
DNA-intercalating compound encapsulated in the liposomes studied in this 
thesis is an anthracycline and a derivative of daunorubicin (Figure 3 and 
Figure 4) [83]. During compound development several anthracycline ana-
logues were synthesized. Three of them were more thoroughly investigated 
and it was Comp1 that displayed the best characteristics for use in two-step 
targeting liposomes [84]. Comp1 labelled with 125I was per se superior to 
daunorubicin, doxorubicin and 127I-Comp1 (127I is the stable non-radioactive 
isotope of iodine) in cell-killing ability as shown in a cell-growth assay [84]. 
The same study also revealed that 125I-Comp1 was located in the cell nucleus 
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to a high degree and gave rise to approximately 0.5 double-strand break per 
125I decay in isolated chromosomal DNA.  
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Figure 3. Chemical structure of daunorubicin and doxorubicin. Daunorubi-
cin R=CH3, doxorubicin R=CH2OH 
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Figure 4. Chemical structure of the daunorubicin derivative Comp1. R= 125I 
or 127I 

When 125I-Comp is encapsulated in liposomes 127I-Comp1 is also added to 
obtain the required concentration of Comp1 within the liposomes. The criti-
cal concentration is needed for the formation of precipitates inside the lipo-
somes which is crucial for the retention of drug. Henceforth, the mixture of 
125I-Comp1 and 127I-Comp1 will be denoted 125I-Comp1. When pure non-
radioactive iodinated Comp1 is used it is denoted as 127I-Comp1. 
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Aim 

The overall aim of this thesis was to investigate EGFR and HER2-targeting 
liposomes to deliver radionuclides for tumour therapy.  
More specific: 
  

 Analyse if the targeting liposomes were able to specifically target 
cultured tumour cells. 

 Evaluate the possibility of delivering 125I to the nucleus via a 
DNA-binding compound. 

 Investigate the therapeutic effect of 125I-labelled DNA-binder de-
livered by liposomes in vitro and in vivo. 
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The present study  

Materials and methods 
Radiolabelling of Comp1 
Comp1 was labelled with 125I using the Chloramine T method. Chloramine T 
oxidise the iodide, with following electrophilic aromatic substitution to car-
bon in the meta-position of the 4-hydroxi-bensylamine moiety. The reaction 
was quenched with sodium metabisulphate and 125I-Comp1 was separated 
from unlabelled Comp1 on a C18 column using an FPLC-system.  

 
 

 
Figure 5. Loading of drug into liposome, using a pH-gradient. 

 

Liposome production and loading 
Three different lipid compositions were studied in this thesis, dis-
tearoylphosphatidylcholine (DSPC):Cholesterol (Chol): Distearoylphospha-
tidylethanolamine- polyethylene glycol (DSPE-PEG2000)(57:40:3), dihydro-
sphingomyelin (DHSM):Chol:DSPE-PEG2000 (59:40:1) and sphingomyelin 
(SM):Chol:DSPE-PEG2000 (59:40:1). Hereafter the liposomes are referred to 
as the main component of the mixture, DSPC, DHSM and SM. The reason 
for less DSPE-PEG in the DHSM and SM variants is that other lipid for-
mations than liposomes occurred with higher DSPE-PEG amounts. The lipo-
somes were produced using the lipid film hydration method [85]. When the 
lipid film is hydrated, the bilayers swell and a lamellar liquid crystalline 
phase is formed. The freeze-thawing cycles include freezing of the mixture 
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by submerging the tube into liquid nitrogen, then putting the tube into a 60oC 
waterbath and agitating the mixture with a vortex mixer. This gives a crude 
liposome dispersion. In the final step the dispersion was extruded through a 
100 nm membrane forcing the vesicles to form smaller, mostly unilamellar 
spheres. The liposomes used in this study are around 100 nm in diameter.  

 
Figure 6. Cryo-TEM image of liposomes loaded with 127I-Comp1. Shaded 
areas in the middle of the liposomes are precipitated 127I-Comp1. 

125I-Comp1 or 127I-Comp1 was loaded into the liposomes with a pH-
gradient (see Figure 5). The liposomes were produced in a citrate buffer or 
ammounium sulphate buffer of pH 4. To create a pH gradient the liposomes 
were added to a NAP-5 column and eluted with Hepes buffered saline (HBS) 
with pH 7.4. Comp1 is uncharged in pH 7.4 and can easily diffuse over the 
liposomal membrane. Once inside the liposome, Comp1 is protonated due to 
the low pH and is trapped inside the liposome since charged molecules can-
not pass the lipophilic membrane. The precipitate formed by 127I-Comp1 in 
the liposomes can be seen on the cryo-TEM image (Figure 6).  

 

Targeting agent 
EGF, the natural ligand to EGFR, was used as the targeting agent for EGFR. 
Attaching EGF to a lipid anchor makes it possible for the lipid to transport 
and dock EGF to the liposomal membrane. Chemically the NHS-group in 
DSPE-PEG-NHS leaves when the primary amine in EGF attacks the car-
boxy-carbon that links the NHS-group together with PEG-DSPE. NHS is a 
stable by-product, a good leaving group, which makes the reaction simple to 
perform in the laboratory. Free EGF, that is EGF without lipid anchor, was 
removed from EGF-PEG-DSPE on a Sephadex G-150 gel filtration column. 
EGF-PEG-DSPE in aqueous solution forms micells, which were then mixed 
with the preformed liposomes. The lipids then partitioned themselves into 
the liposomal membrane as illustrated in Figure 7. 



 23 

 

 
Figure 7. Schematic picture of the targeting liposome and the incorporation 
of the targeting agent coupled to DSPE-PEG chain. To the lower right the 
schematic micellular structure that the targeting agent coupled to DSPE-
PEG forms in solution is shown. Blue represents the PEG-chains and green 
represents the targeting agent.  

Unincorporated EGF-PEG-DSPE was separated from liposomes on a Se-
pharose CL-4B gel filtration column. 

HER2 is not known to have a natural ligand. The HER2 targeting head 
used in this thesis is a single chain fragment called F5 [63]. F5-cys coupled 
maleimide-PEG-DSPE lipid was a gift from Dr. John Park. Since this stock 
solution was purified the conjugation of F5 to liposomes was even simpler 
than EGF-conjugation to liposomes. F5-PEG-DSPE was mixed with lipo-
somes and incubated. As with EGF-conjugated lipids, unincorporated F5-
PEG-DSPE was removed on a Sepharose CL-4B gel filtration column. 

Cell experiments 
The cell lines used in the present study were a glioma cell line (U-343), a 
squamos carcinoma cell line (A-431), a breast adenocarcinoma cell line 
(SKBR-3) and an ovarian adenocarcinoma cell line (SKOV-3). All cell lines 
originate from human tumours. The cell lines have different receptor expres-
sion (EGFR or HER2) and were not all possible to grow in mice. 

The uptake studies in papers I and IV were performed on cells in mono-
layer dishes. Cells grew attached to the petri dish surface. At the start of the 
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experiment, liposomes were added to the dishes. At certain time-points, in-
cubation media was removed, cells were washed with cell media and de-
tached from the surface (with trypsin). Cells were then counted, and radioac-
tivity could be measured in a gamma counter (125I) or liquid scintillation 
counter (3H).  

Cells in suspension can be used as an alternative to monolayer cells. The 
incubation is then done in small glass flasks that lie on a device keeping the 
flasks rotating. In that way, the medium is in constant circulation. To prevent 
the cells from attaching to the glass surface of the roller flasks, the glass is 
coated with silicone. With time the cells attach to each other and form sphe-
roids or small cell clusters, so incubations of 4 hours or less were used in 
order to keep the cells in single cell suspension. The cell survival in paper I 
and II and cellular uptake in paper II were made in roller flasks. 

In paper I, an ex vivo method was also used to evaluate the behaviour of 
the liposomal conjugate with human blood present. The method mimics dis-
seminated tumour cells in the blood stream. Basically, 30 cm of plastic tub-
ing was filled with human blood. Tumour cells and liposomes were then 
added and both ends of the plastic tubing were joined with a metal connector 
which was tightly pushed inside the lumen of the tubing [86]. After the 
blood had been circulating in the tubings for 2-4 hours, the tumour cells and 
white blood cells were sorted with flow cytometry. The sorted fractions 
could then be measured on the gamma counter and information on liposomal 
conjugate uptake was obtained. 

Animals 
The tumour model for the therapy study was chosen to investigate the target-
ing liposomes in an in vivo setting with single or small clusters of tumour 
cells, mimicking disseminated cells [87], which is typical for advanced dis-
ease.  

Female BALB/c nu/nu mice were used in both the biodistribution study in 
paper II and the therapy study in paper III. All animals were kept in a con-
trolled environment and fed ad libitum. The animals were allowed to adapt at 
least 7 days before start of experiment. All experiments were approved by 
the Regional Ethics Committee for Animal Research. 

In the biodistribution study, all mice were inoculated with 107 SKOV-3 
cells intraperitoneally (i.p.). After 8 weeks the mice were injected i.p. with 
liposomes, either HER2-targeting liposomes or non-targeting liposomes, 
both types encapsulating 125I-Comp1. At 10 min, 2, 4, 8, 24 and 48 hours 
post injection mice were euthanised i.p. Blood, pancreas, spleen, liver, kid-
neys, small intestine, large intestine, thyroid, ovaries and tumours were col-
lected for weighing and measuring of 125I-Comp1 uptake. The accumulation 
index (AI) was then calculated, for details see paper III, and AI was used to 
compare uptake in the different organs. 
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In the therapy study, the mice were injected with tumour cells i.p. first 
and then immediately with treatment, also i.p. The person monitoring the 
animals did not know which group received which treatment. The mice were 
randomly divided into groups and received 0.01, 0.1, 0.5, 2 x 0.5 or 2 
MBq/mouse either HER2-targeting or non-targeting liposomes. All mice 
received the same amount of liposome and the same amount of anthracy-
cline, only the specific radioactivity differed. The general condition of the 
mice was monitored daily, and weighing was performed three times a week. 
The mice were killed if their general condition declined, if their body weight 
rapidly increased or decreased or if they were judged as affected by visible 
findings of swollen or bluish abdomen. Spleen and liver were dissected and 
used for analysis of HER2-expression and for evaluation of possible mor-
phological changes. The study ended 160 days after start, and all remaining 
mice were killed. These mice and the mice that were removed from the study 
without reaching the end-point (killed due to tumour burden) were censored. 

Results 
Cell uptake studies (Paper I, II and IV) 
All parts of the targeting liposomes; targeting agent, liposome and Comp1, 
can be radiolabelled. By comparing experimental data where different parts 
of the liposomal conjugate have been labelled, information on cellular loca-
tion, specificity, conjugate stability after uptake in the cell and retention can 
be obtained. In paper I, cellular uptake of EGF-3H-liposome showed that the 
liposomes were taken up by a receptor specific process (Figure 8A), since 
the EGF-3H-liposomes uptake was barely measurable when the receptors had 
been blocked with an excess of unconjugated EGF. Also, the uptake of 3H-
liposomes without EGF was in the same range as with blocking. 

The results from the blood loop experiment (Figure 8B) showed that even 
though the concentration of white blood cells was much higher than the tu-
mour cell concentration all parts of the targeting liposomes managed to asso-
ciate with the tumour cells to a much higher extent than with the white blood 
cells. This also demonstrated the targeting liposomes’ ability to specifically 
target the tumour cells. The uptake of 125I-Comp1 in tumour cells was almost 
35 times higher than the uptake in white blood cells, which gives an im-
portant difference of delivered radiation dose.  
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Figure 8. A: Cellular uptake of EGF-3H-liposomes and 3H-liposomes by U-
343 cells. EGFR were blocked with 100-times excess of EGF, in the block-
ing experiment. Error bars represent variations (n=3). B: Uptake of 125I-
EGF-liposome, EGF-3H-liposomes and EGF-liposomes encapsulating 125I-
Comp1 by white blood cells and U-343 tumour cells in an ex vivo human 
blood system. 

 
In paper II, targeting against HER2 was studied. The results support the 

results from paper I showing that the targeting liposomes can be delivered 
and their content specifically transported to cells expressing the target anti-
gen receptor. The uptake pattern was the same whether the labelling was on 
the liposome, or on Comp1 and no difference between the two studied cell 
lines could be seen. Worth noticing is that the unspecific uptake, the uptake 
of 125I-Comp1 delivered by non-targeting liposomes, increased with time 
compared to the unspecific uptake of 3H-liposomes, where the uptake was 
very low up to 4 hours. The most probable explanation of this is that Comp1 
eventually leaks from the liposomes, and over time more encapsulated com-
pound will leak and will be available for cell uptake. Cell association could 
also be seen without targeting agent. This is supposedly only due to unspe-
cific association of the drug to the cells.  

The uptake comparison in paper IV between DSPC-, DHSM- and SM-
containing liposomes verified that the unspecific uptake is a direct conse-
quence of the leakage, since the leakage and the unspecific uptake of 125I-
Comp1 follow each other. The greater difference between the bars in Figure 
9 and Figure 10, the lesser unspecific uptake of free 125I-Comp1 is present, 
hence SM and DHSM liposomes deliver 125I-Comp1 more specifically to the 
cells. When the leakage was higher the unspecific uptake was also larger. 
The leakage reflects the lipid composition very well. In the literature, lipo-
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somes produced with DHSM and SM have shown to retain the drug better 
than liposomes consisting of DSPC [88-90]. The ester link joining the fatty 
acid chain with the head group in DSPC is thought to be more susceptible to 
hydrolysis and enzymatic degradation than the fatty chain of SM and 
DHSM, which is amide-linked to the head group and therefore less sensitive 
[90]. Another explanation to why SM and DHSM forms a tighter membrane 
structure less prone to leak is the possibility of hydrogen bonds both between 
the phospholipid molecules and between phospholipid and cholesterol [91].  
In addition to the lipid composition, the drug loading method can also influ-
ence the leakage of encapsulated compound [92, 93]. The internal buffer can 
form more or less stable drug precipitates acting as counter ions to the 
charged compound inside the liposome. Citrate buffer was used as standard 
in paper I-III. In paper IV ammonium sulphate buffer was used for compari-
son with citrate buffer in DSPC liposomes. Ammonium sulphate did howev-
er appear to be similar to citrate buffer with respect to the leakage of 125I-
Comp1 (Figure 9 and Figure 10). 

 
Figure 9. Cellular uptake of EGFR-targeting or non-targeting liposomes 
encapsulating 125I-Comp1. Black bars are EGFR-targeting liposomes and 
white bars are non-targeting liposomes. A: DSPC with citrate as the inter-
nal buffer, B: DSPC with ammonium sulphate as the internal buffer, C:SM 
(citrate), D:DHSM (citrate). n=3, error bars show variation. 
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Figure 10. Cellular uptake of HER2-targeting or non-targeting liposomes 
encapsulating 125I-Comp1. Black bars are HER2-targeting liposomes and 
white bars are non-targeting liposomes. A: DSPC with citrate as the inter-
nal buffer, B: DSPC with ammonium sulphate as the internal buffer, C:SM 
(citrate), D:DHSM (citrate). n=3, error bars show variation. 

Cell therapy (Paper I, II and IV) 
The cell therapy study in paper I was performed on U-343 cells and with 
EGFR-targeting liposomes. The study included liposomes encapsulating 
doxorubicin, 127I-Comp1 and 125I-Comp1. Liposomes with and without tar-
geting agent were investigated. Cells exposed to non-targeting liposomes 
with 127I-Comp1 or doxorubicin and cells exposed to EGFR-targeting lipo-
somes with 127I-Comp1 grew exponentially also after treatment, just as the 
control cells (Figure 11). It is notable that non-targeting liposomal doxorubi-
cin, similar to the liposome formulation used in clinics today for the treat-
ment of breast cancer or Kaposis sarcoma, did not have any effect on cell 
growth at the studied concentration. Targeting liposomes with doxorubicin 
had a considerable delaying effect on cell growth, where approximately 10% 
of the cells survived. Enhancement of the effect when coupling a targeting 
agent to the doxorubicin loaded liposomes has also been reported by Park et 
al [61].  125I-Comp1 delivered by EGFR-targeting liposomes dramatically 
reduced the survival. Compared to encapsulated doxorubicin the efficacy 
was 105 times higher with 125I-Comp1. Since no effect could be seen on cells 
treated with targeting liposomes encapsulating 127I-Comp1 it was evident 
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that the dramatic effect on survival derives from 125I. During this cell therapy 
with the remarkable effect shown, the radioactivity concentration was 0.1 
MBq/ml. Whether the dramatic effect could be called an Auger effect or not, 
it was clear that a very small proportion of the cells survived. Data point to 
the fact that nuclear localization of 125I is the reason for the therapeutic ef-
fect. In relation to other studies it has been shown that 125I has no effect on 
cell survival if localized outside the cells at radioactivity concentrations up 
to 7.4 MBq/ml [19]. Our own autoradiography also showed that the grains 
from 125I decay deriving from 125I-Comp1 co-localize with hematoxylin 
stained nuclei to a much higher extent in cells incubated with targeting lipo-
somes than with non-targeting liposomes. Analyses with fluorescence mi-
croscopy further support nuclear localization of the fluorescent 127I-Comp1 
(data not shown). In Ickenstein et al [84] several different techniques 
showed that 125I-Comp1 per se could bind DNA and generated about 0.5 
double-strand breaks per decay in extracted DNA. The number of double-
strand breaks is probably higher than 0.5 in whole cells, since the DNA is 
condensed differently compared to extracted DNA. Taken together, all these 
data indicates that it is an actual Auger effect present.  

 

 
Figure 11. Growth curves of U-343 incubated for 4 hours with A: nontar-
geting liposomes encapsulating drug according to figure legend. B: EGFR-
targeting liposomes loaded with drug according to figure legend. 

In paper II, HER2 is the target of interest. SKOV-3 cells were incubated 
with HER2-targeting liposomes with four different 125I-activity concentra-
tions between 1 and 22 kBq/ml. Also liposomes encapsulating 127I-Comp1 
with and without targeting agent and non-targeting liposomal 125I-Comp1 
were incubated with cells.  Results showed a dose-response correlation with 
decreasing survival with increasing activity concentration and already at 7 
kBq/ml, the targeting liposomes had a delaying effect on cell growth. The 
total concentrations of drug and liposomes were the same in all experiments. 
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Cells incubated with non-targeting liposomes and HER2-targeting liposomes 
with 127I-Comp1 were not affected and grew as well as the untreated control 
cells. As in the cell therapy experiment in paper I, the results confirmed that 
the effect on survival came solely from 125I. Comparisons regarding effect of 
a given administered radioactive dose cannot be made between paper I and II 
since two different cell lines with potentially different radiation sensitivities 
were used. Also, the two different targets, EGFR for U-343 in paper I and 
HER2 for SKOV-3, may differ in binding kinetics, receptor handling and 
internalization patterns between cell lines. 

 

 
Figure 12. Growth curves obtained for SKOV-3 cells after 24 h incubation with 125I-
Comp1 encapsulated in HER-2 targeting and non-targeting DHSM- or DSPC-
liposomes. Control cells were incubated with medium only. Error bars indicate 
variation (n=3) 

The cell therapy study included in paper IV is a comparison between lipo-
somes with different lipid compositions. To obtain a therapeutic effect, 125I-
Comp1 must leak out to be able to get to the nucleus. As discussed previous-
ly, 125I must be very close to the DNA to seriously damage the DNA. From 
the cell uptake, it was shown that both DHSM- and SM-containing lipo-
somes retained Comp1 better than DSPC-containing liposomes and the un-
specific uptake could thereby be lowered. In a therapeutic situation, howev-
er, this is not necessarily beneficial. Perhaps there is a limit where the lipo-
somes keep the drug encapsulated too efficiently. The results from the cell 
growth showed that HER2-targeting DSPC liposomes had better therapeutic 
effect on cultured cells compared to HER2-targeting DHSM liposomes 
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(Figure 12). In fact, both targeting and non-targeting DHSM liposomes and 
non-targeting DSPC liposomes affected the cells equally. This tells us that 
despite of different leakage, comparable amounts of 125I-Comp1 must have 
entered the nucleus to give the same growth delay. Interestingly DHSM lipo-
somes differed greatly in specific cell uptake of 125I-Comp1 compared to 
DSPC liposomes as discussed above, but very little in survival. If DHSM 
liposomes release 125I-Comp1 to a much lesser extent there will be fewer 
radionuclides targeting the DNA. Since Auger electron emitters such as 125I 
must be very close to the DNA to induce DNA damage, the result of de-
creased DNA-targeting would be reduced amounts of DNA double-strand 
breaks. This is probably the explanation for the decrease in efficacy com-
pared to traditional DSPC liposomes.  

 

 
Figure 13. Biodistribution of (A) non-targeting liposomes containing 125I-
Comp1) and (B) HER2-targeting liposomes encapsulating 125I-Comp1 at 10 
min, 2, 4, 8, 24, 48 h post injection. Accumulation index is used as a meas-
ure of uptake. Error bars represent standard deviation (n=5). 

Biodistribution (Paper II and III) 
The biodistribution study was discussed in both papers II and III. In paper III 
data from the biodistribution study was used for the dosimetric calculations 
to estimate the radiation dose to normal organs. 

Accumulation index is a value that expresses the organ uptake in relation 
to injected amount. Hence, if the 125I-Comp1 would be evenly distributed 
throughout the whole animal, it would lead to an AI of one. In animals re-
ceiving non-targeting liposomes, the AI in tumour never exceeded 1, where-
as in animals injected with HER2-targeting liposomes it reached its highest 
value, 3.5, after 8 hours (see Figure 13). No organ other than the tumour 
showed this time dependence of the uptake, indicating that it is receptor-
specific uptake. In combination with other organ values the differences in 
tumour-to-organs are even more striking when comparing targeting and non-
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targeting liposomes. The tumour-to-blood ratio at 8 hours for animals receiv-
ing non-targeting liposomes was 0.7 while for the group receiving targeting 
liposomes this ratio was close to 100. This is advantageous for the targeting 
liposomes also in terms of a smaller amount of targeting liposomes that are 
available in the blood. Therefore the risk of having red bone marrow as the 
dose-limiting organ is minimized. 

Table 2. mGy/MBq administered radioactivity 

.  HER2-targeting Non-targeting 

Blood 1.80 18.7 
Spleen 150 36.6 
Liver 27.1 15.4 
Kidneys 9.40 15.0 

 
 The AI in spleen peaked above 10 for targeting liposomes, while it only 

reached about 3 for non-targeting liposomes. The liver also showed elevated 
uptake of targeting liposomes but not to the same extent; 3 for targeting lipo-
somes and 1 for non-targeting liposomes. Both the liver and spleen have 
filtering structures where larger particles can be trapped. Since non-targeting 
and targeting liposomes are of similar size, the targeting agent must be re-
sponsible for the difference in uptake. Elevated uptake of targeting lipo-
somes in spleen has been seen before [66, 94], but other studies with the 
same targeting agent have not shown the same phenomenon [95]. F5 does 
not recognise murine HER2 and from the immunohistochemical staining of 
spleen and liver in paper III, it could be seen that both liver and spleen are 
negative for HER2. Since there is no receptor interaction in either the liver 
or the spleen, the first step in the two-step targeting process needed for suc-
cessful delivery will thus not be functional. Even though the uptake seems 
somewhat high in comparison with tumours, the dosimetric calculations in 
paper III revealed very moderate doses to the spleen assuming no HER2-
mediated internalization (Table 2). The group that received the highest dose 
got 0.3 Gy to the spleen, which is thought to be far from radiotoxic levels 
[96].  

Therapy study in vivo (Paper III) 
Paper III presents the in vivo therapy study. As a pre-study, a comparison of 
tumour establishment between SKBR-3 cells and SKOV-3, inoculated 4 or 8 
weeks, trypsinized or scraped (only at 8 weeks) before injection i.p. was 
made. SKBR-3 had very poor tumour establishment and was therefore not 
considered for further studies. Tumours were easily established with SKOV-
3 cells, and 107 cells were chosen to be injected per animal. 
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The leakage from DSPC liposomes that was discussed earlier also influ-
enced the choice of animal model. Liposomes are large particles and to be 
functional in a subcutaneous tumour model, the liposomes must have long 
circulation time and long drug retention. Large particles have generally poor 
penetration in tissue, and liposomes are no exception. Most likely, the lipo-
somes will only be taken up by the outer tumour cell layer or by the cells 
nearest to the endothelial wall in vascularised tumours. No crossfire can be 
relied upon from Auger electrons, so treating only the peel of the tumour 
will leave a lot of tumour cells untreated. Previous work from Mamot et al 
and Kirpotin et al also shows that the uptake in subcutaneous tumour is the 
same with non-targeting liposomes as with targeting ones [95, 97]. Due to 
the relatively fast leakage of drug from DSPC liposomes and the poor pene-
tration of liposomes in tissue, together with the use of an Auger emitter, the 
full potential of targeting liposomes encapsulating 125I-Comp1 can be better 
seen in a model of disseminated disease, in a relatively small volume, as in 
the abdomen. Injecting the liposomes immediately after the tumour cells 
prevents the cells from forming solid tumour nodules, making possible tar-
geting of single cells. 

 

 
Figure 14. Kaplan-Meier plot of the survival of mice with SKOV-3 xeno-
grafts i.p. n=10-12 except for the control groups where n=33. A= mice 
treated with non-targeting liposomes, B= mice treated with HER2-targeting 
liposomes. 
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The first 40-50 days after the injection of cells and treatment the general 
health condition did not change for any of the animals. In the control group, 
all mice were killed due to tumour burden within 85 days and for the group 
receiving non-targeting liposomes within 140 days. In the study, 126 of 148 
mice reached the end-point criterion for the Kaplan-Meier analysis, which 
was “killed by tumour burden”. Neither radiotoxic nor toxicological obser-
vations were made during the treatment. For groups treated with HER2-
targeting liposomes, already at 0.1 MBq/mouse a significant increase in sur-
vival could be seen (Figure 14, see also page 8 in paper III). The higher dos-
es increased survival even more and a dose-response correlation was clear. 
Among the mice that got the highest dose, 2 MBq, 75% were still alive after 
160 days post treatment. Noteworthy is also that the repeated injections of 
0.5 MBq with seven days between the injections improved survival much 
more than one single injection of 0.5 MBq. 

The evaluation of microscopic slides from animals in the two highest 
dose-groups by a pathologist showed generally intact liver parenchyma and 
no signs of toxic effects at a microscopic level. Additionally spleens were 
generally showing normal blood status and no necrosis. One spleen from the 
therapy group that received the highest dose showed some necrosis with 
granulocytes.  
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Conclusions 

 Liposomes coupled to EGF or F5 specifically target tumour cells 
in vitro in several experimental set ups. 

 Targeting liposomes encapsulating 125I-Comp1 successfully de-
crease survival of tumour cells in vitro. A dose-dependent relation 
between specific radioactivity and decreasing survival of tumour 
cells is shown. 

 DHSM- and SM-containing liposomes increase drug retention and 
specific cell uptake in vitro but seem not to improve tumour-cell 
killing in vitro. 

 HER2-targeting liposomes specifically accumulate in HER-2 ex-
pressing tumours in vivo, an accumulation not present with non-
targeting liposomes.  

 A dose-response was seen in survival when mice inoculated with 
tumour cells i.p. were treated with 125I-Comp1 encapsulated in 
HER-2-targeting liposomes. 

 A significant prolonged survival compared to the control group 
was seen in mice treated with 125I-Comp1 encapsulated in HER-2-
targeting liposomes at the remarkably low dose of 0.1 MBq. 

 More than half of the mice were tumour free and maximum toler-
ated radioactive dose was not yet reached when treated with 125I-
Comp1 encapsulated in HER-2-targeting liposomes at 2 MBq.  

 
 

The results from the studies included in this thesis are very promising and 
encourage further investigation including the analysis of pharmacokinetics 
and biodistribution of 125I-Comp1 delivered by targeting liposomes in hu-
mans. Ovarian cancer often spreads to the abdominal cavity and could be a 
suitable application for locoregional treatment i.p. Disseminated cells in the 
bloodstream are also a possible application for targeting liposomes encapsu-
lating 125I-Comp1 since every liposome-receptor interaction can deliver a 
large amount of radiolabelled DNA-binder. Taking other targets into consid-
eration, 125I-Comp1 can be delivered by liposomes to cells originating from a 
wider range of tumour types, for example prostate and colon cancer. 
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Sammanfattning på svenska 
(Summary in Swedish) 

Dagens strategier för att behandla cancer är till stor del begränsade av bi-
verkningar hos normalvävnad. Behandlingen begränsas av vad normal-
vävnad tål, vilket leder till att den inte blir tillräcklig för att döda alla cancer-
celler. Ett sätt att öka behandlingseffekten på tumörceller men minska nor-
malvävnadens skada är att målsöka terapeutiskt aktiva substanser mot ytpro-
teiner som överuttrycks på tumörcellerna. Exempel på målsökande 
behandlingar är antikroppar, eller naturliga ligander till överuttryckta yt-
receptorer. Antikroppar kan i sig ha effekt på cellen genom att reglera cel-
lens signalering så att celldelningen bromsas, eller bara dirigera något som är 
kopplat till antikropparna till rätt ställe. Exempel på det senare är när anti-
kroppar eller ligander till ytproteiner direkt är kopplade till en radioaktiv 
isotop. Då är tanken att målsökaren ska bära med sig den radioaktiva isoto-
pen tillräckligt nära tumörcellen, och i vissa fall även in i cellen, så tumör-
cellen blir skadad av den joniserande strålningen som den radioaktiva isoto-
pen ger ifrån sig när den sönderfaller. Beroende på räckvidden för strålning-
en kan även detta påverka omgivande frisk vävnad i varierande grad.  

Augerelektroner är en typ av joniserande elektroner som sänds ut av vissa 
isotoper när de sönderfaller. Augerelektronerna har extremt kort räckvidd 
och produceras dessutom i kaskader där flera elektroner sänds ut. Detta med-
för att energidepositionen sker i en väldigt liten volym runt sönderfallet. Om 
ett sådant sönderfall sker väldigt nära, eller mitt i cellens DNA så kommer 
DNA-strängen gå sönder. Dessutom kommer DNA:t fragmenteras på ett sätt 
som gör det väldigt svårt för cellens reparationsmekanismer att laga skadan. 
Eftersom Augerelektronerna har så kort räckvidd innebär det dessutom att de 
skulle kunna vara ofarliga för cellen om de inte befinner sig nära kritiska 
strukturer.  

Studierna i den här avhandlingen är baserade på ett två-stegs-koncept där 
liposomer kopplade till målsökare binder tumörcellen och via receptorinter-
aktion tar sig in i cellen i ett första steg. Sedan kan en DNA-bindande före-
ning, Comp1, som transporteras inuti liposomerna läcka ut och målsöka 
DNA i ett andra steg. Comp1 är märkt med 125I, en Augerstrålare som ger 
ifrån sig drygt 20 elektroner per sönderfall. Detta medför att om 125I inkorpo-
reras i DNA så kan varje sönderfall ge upp minst ett dubbelsträngsbrott.  
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Avhandlingen bygger på 4 delarbeten (I-IV). Nedan presenteras huvud-
sakligt innehåll i del olika delarbetena: 

I delarbete I har liposomer med målsökaren EGF använts. De målsökande 
liposomernas specificitet mot tumörceller som odlas i cellskålar studerades. 
Målsökande liposomer togs upp mer av tumörceller än liposomer utan mål-
sökare. Upptaget gick också att blockera vid tillsats av överskott av fri mål-
sökare, vilket tyder på att det receptorspecifikt upptag. Med hjälp av autora-
diografi där strålningens förmåga att svartfärga fotografisk film används, 
kunde vi se att 125I-Comp1 som levererats till cellerna med målsökande lipo-
somer samlokaliserade med kärnan. Odlade tumörceller behandlades även 
med EGFreceptor målsökande liposomer laddade med 125I-Comp1, 127I-
Comp1 eller doxorubicin. Motsvarande behandlingar utan målsökare använ-
des som kontroller tillsammans med en helt obehandlad kontrollgrupp. Mål-
sökande liposomer laddade med 125I-Comp1 hade en dramatisk tillväxthäm-
mande effekt på tumörcellerna. Målsökande doxorubicinladdade liposomer 
hade viss effekt medan målsökande liposomer laddade med 127I-Comp1 hade 
samma tillväxthastighet som obehandlade kontroller. Att 127I-Comp1 inte 
hade någon effekt alls indikerar att den tillväxthämmande effekten av 125I-
Comp1 kommer ifrån radionukliden. 

I delarbete II studerades cellupptag, terapi på odlade tumörceller och biodis-
tribution i möss av 125I-Comp1 levererat av HER2-målsökande liposomer. 
Eftersom inte HER2 har någon känd ligand så användes ett antikroppsfrag-
ment som binder till HER2, kallat för F5. Återigen visade cellerna receptor-
specifikt upptag av 125I-Comp1 i målsökande liposomer. Endast låg cellasso-
ciation kunde ses hos liposomer utan målsökare. Cellterapistudien visade ett 
dos-respons-samband mellan tillsatt radioaktivitetskoncentration av 125I-
Comp1 i målsökande liposomer och överlevnad, medan 125I-Comp1 i lipo-
somer utan målsökare eller målsökande liposomer med 127I-Comp1 inte hade 
någon tillväxthämmande effekt alls. Biodistributionen i tumörbärande möss 
visade att mängden 125I-Comp1 som levererats med målsökande liposomer 
ökade med tiden i tumörerna, vilket tyder på specifikt upptag. Djur som fått 
omålsökande liposomer med 125I-Comp1 visade inte alls denna kinetik i tu-
mörupptaget, som dessutom var lägre. Mjälten och levern var de organ som 
hade störst upptag av målsökande liposomer, vilket inte är förvånande med 
tanke på dess filtrerande struktur. Det finns dessutom liknande fenomen 
beskrivna i litteraturen, där målsökande liposomer fastnar i lever och mjälte i 
högre utsträckning än liposomer utan målsökare. 

Delarbete III är en terapistudie på möss, där mössen fått tumörceller injice-
rade i buken och sedan en direkt påföljande injektion av behandling. Be-
handlingen var antingen HER2-målsökande liposomer med 125I-Comp1 eller 
motsvarande liposomer utan målsökare. Mössen delades in i grupper som 
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fick ökande doser av 125I genom 125I-Comp1. Mängden laddad substans  och 
liposomer var densamma till alla djur, endast radioaktivitetskoncentrationen 
skiljde sig mellan grupperna. Kontrolldjuren fick bara buffert som behand-
ling. Djurmodellen användes för att efterlikna en situation med spridda tu-
mörceller antingen singelceller eller möjligtvis små kluster. Liposomer är 
relativt stora partiklar med begränsad penetrationsförmåga i vävnad. Till-
sammans med Augerstrålare som 125I, som måste in i cellkärnan för att san-
nolikt nå bäst effekt är två-stegsmålsökning med liposomer bäst lämpad för 
applikationer med singelceller eller små cellkluster. Resultatet av studien 
visade ett tydligt dos-responssamband mellan dos av 125I och överlevnad. I 
gruppen som fick näst högsta mängden 125I med Comp1 i målsökande lipo-
somer var medianöverlevnaden  119 dagar mot 69 dagar i kontrollgruppen. 
Medianöverlevnaden i gruppen som fick störst mängd radioaktivitet gick inte 
att bestämma eftersom 75% av djuren levde vid studiens avslutande efter 
160 dagar. Många av djuren i samma grupp var dessutom helt tumörfria vid 
studiens avslutande. Redan en så låg mängd som 0.1 MBq/djur förlängde 
överlevnaden hos djur som fått 125I-Comp1 i målsökande liposomer. Bland 
grupperna som fått 125I-Comp1 i liposomer utan målsökare var det bara 
gruppen som fått högst dos som hade bättre överlevnad än obehandlade kon-
troller. Dosimetriska beräkningar visade bara låga stråldoser till mjälte och 
lever, de organen som enligt biodistributionen ansamlade mest radioaktivitet. 
Mikroskopi-utvärdering av snitt från mjälte och lever från behandlade djur 
tyder på att de administrerade doserna verkar väl tolererade ur toxikologisk 
synvinkel.  

Delarbete IV är en jämförelse av cellupptag och terapieffekt på odlade tu-
mörceller mellan olika liposomkompositioner. Liposomerna som används i 
delarbete I-III har distearoylfosfatidylkolin (DSPC) som huvudkomponent 
och är kända för att ha relativt stort läckage av inladdad förening. I en in vivo 
situation kan för snabbt läckage vara en nackdel om liposomerna läcker ut 
för mycket förening innan de når tumören. Publicerade studier har visat att 
liposomer som innehåller sfingomyelin (SM) eller en variant av det, dihyd-
rosfingomyelin (DHSM), är mindre läckagebenägna. Våra läckagestudier 
bekräftade också detta. DHSM- och SM-innehållande liposomer hade större 
retention av inladdad 125I-Comp1 än DSPC-innehållande liposomer. Upp-
tagsstudierna visade att DHSM- och SM-liposomer levererade 125I-Comp1 
till tumörceller mer receptorspecifikt jämfört med DSPC-liposomer, och 
skillnaden var tydligast vid senare tidpunkter (24 timmar). Däremot så hade 
målsökande DSPC-liposomer med 125I-Comp1 bättre inhiberande effekt på 
celltillväxten på odlade tumörceller jämfört med målsökande DHSM-
liposomer med 125I-Comp1. Så trots att DHSM-innehållande liposomer ver-
kar kunna leverera mer receptor-specifikt 125I-Comp1 till cellen så har ändå 
den 125I-Comp1 som levererats med DSPC-liposomer större effekt. En för-
klaring till detta skulle kunna vara den intracellulära lokalisationen av 125I-



 39 

Comp1 efter upptag. Om 125I-Comp1 har för bra retention i liposomerna och 
inte tar sig till cellkärnan, så blir den tillväxthämmande effekten också san-
nolikt sämre. Ytterligare studier behövs dock för att vidare utreda liposom-
kompositionens inverkan och betydelse. 

 

Resultaten i den här avhandlingen visar att 125I-Comp1 kan levereras recep-
torspecifikt till tumörceller med målsökande liposomer. 125I-Comp1 levererat 
med målsökande liposomer kan också framgångsrikt behandla tumörbärande 
djur, i en djurmodell med spridda singelceller i buken. Resultaten talar för att 
två-stegsmålsöknings konceptet att först målsöka tumörcellen och sedan, 
efter receptormedierad internalisering av liposomerna, målsöka kärnan med 
en DNA-bindande förening som bärare av radionuklider, verkligen fungerar.  
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