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ABSTRACT 
 
Experimental Radioimmunotherapy and Effector Mechanisms 
Radioimmunotherapy is becoming important as a new therapeutic strategy for 
treatment of tumour diseases. Lately monoclonal antibodies tagged with 
radionuclides have demonstrated encouraging results in treatment of hematological 
malignancies. The progress in treatment of solid tumours using 
radioimmunotherapy, however, has been slow. New strategies to improve the 
treatment response need to be evaluated. Such new strategies include the 
combination of radioimmunotherapy with other treatment modalities but also 
elucidation and exploration of the death effector mechanisms involved in tumour 
eradication.  
As the combination of radioimmunotherapy and radiotherapy provides several 
potential synergistic effects, we started out by optimising a treatment schedule to 
detect benefits combining these treatment modalities. An anti-cytokeratin antibody 
labelled with 125I administered before, after, or simultaneously with radiotherapy, 
indicated that the highest dose to the tumour was delivered when radiotherapy was 
given prior to the antibody administration. The optimised treatment schedule was 
then applied therapeutically in an experimental study on HeLa Hep2 tumour 
bearing nude mice given radiotherapy prior to administration of 131I-labelled 
monoclonal antibodies. Combining these treatment regimes enhanced the effect of 
either of the treatment modalities given alone, and a significant reduction in tumour 
volumes could be demonstrated. This treatment caused a dramatic change in 
tumour morphology, with increased amounts of connective tissue, giant cells and 
cysts. Furthermore cellular alterations like heterogeneity of nuclear and 
cytoplasmic size and shape were observed, and at least a fraction of the tumour 
cells presented some characteristics of apoptosis. 
 
The induced sequential events in Hela Hep2 cells exposed to 2.5-10 Gy of ionizing 
radiation were studied further, with special emphasis on cell cycle arrest, mitotic 
aberrations and finally cell death. Following radiation HeLa Hep2 cells initiated a 
transient G2/M arrest trying to repair cellular damage. This arrest was followed by 
a sequence of disturbed mitoses with anaphase bridges, lagging chromosomal 
material, hyperamplification of centrosomes and multipolar mitotic spindles. These 
mitotic disturbances produced multinuclear polyploid cells and cells with multiple 
micronuclei, cells that were destined to die via mitotic catastrophes and delayed 
apoptosis. 
Induction of apoptosis in HeLa Hep2 cells following radiation doses and dose-rates 
equivalent to those delivered at radioimmunotherapy was concurrently studied in 
vitro. Significant induction of apoptosis was obtained and found to be induced 
relatively slowly, peaking 72-168 hours post irradiation. Caspases from the 
intrinsic pathway as well as the extrinsic pathway were found to be activated in 
response to ionizing radiation. Furthermore caspase-2, which has recently been 
acknowledged for its role as an initiator caspase was found to be activated 
following radiation and seems to play an important role in this delayed apoptosis. 
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ABBREVIATIONS 
 
60Co  cobalt-60 
67Cu  copper-67 
90Y  yttrium-90 
125I  iodine-125 
131I  iodine-131 
137Cs  cesium-137 
177Lu  lutetium-177 
186Re  rhenium-186 
188Re  rhenium-188 
211At  astatine-211 
212Bi  bismuth-212 
213Bi  bismuth-213 
ADCC  antibody-dependent cell-mediated cytotoxicity 
Ag  antigen 
Apaf-1  apoptotic protease-activating factor-1 
ATM  ataxia-telangiectasia mutated 
ATR  ataxia telangiectasia and Rad3-related protein 
CAM  cell adhesion molecule 
CDC  complement dependent cytotoxcicity 
CDK  cyclin dependent kinase 
CDR  complementarity determining region 
CEA  carcinoembryonic antigen 
CH  constant heavy chain 
Ck8  cytokeratin-8 
CL  constant light chain 
CLL  chronic lymphocytic leukaemia 
DISC  death induced signalling complex 
EGFR  epidermal growth factor receptor 
FADD  Fas-associated death domain 
FAP  fibroblast activation protein 
Gy  Gray 
HAMA  human anti-mouse antibodies 
ICAD  inhibitor of caspase-activated deoxyribonuclease 
LET  linear energy transfer 
NF-κB  Nuclear Factor kappaB 
NHL  non-Hodgkin's lymphoma 
PDGF  platelet-derived growth factor  
PARP  poly(ADP-ribose) polymerase 
PEM  polymorphic epithelial mucin 
PI3  phosphatidylinositol 3 

 



PLAP  placental alkaline phosphatase 
pRB  retinoblastoma protein 
PSMA  prostate-specific membrane antigen 
RBE relative biological effectiveness 
scdsFv single chain disulfide stabilized variable 

fragment 
scFv  single chain variable fragment 
(scFv)2  divalent tandem single-chain variable fragment 
TAG-72  tumour-associated glycoprotein-72 
TGF-α  transforming growth factor-alpha 
TNF-α  tumor necrosis factor-alpha 
TRAIL tumor necrosis factor-related apoptosis-inducing 

ligand 
TSP-1  thrombospondin-1 
VEGF   vascular endothelial growth factor  
VEGFR  vascular endothelial growth factor receptor
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INTRODUCTION 
 
Carcinogenesis 
 
The expected length of a human life has steadily been increasing but is also 
positively correlated to the increased prevalence of cancer. With age the 
incidence of several types of cancer is increasing, reflecting that the 
transformation of a normal cell into a cancer cell is a multistep process 
comprising various combinations of sequentially acquired cancer-related 
mutations. Initiation of this process may be due to exposure of cells to 
chemical, physical or viral carcinogens. Acquired mutations most often 
affect genes not related to the induction of the carcinogenic process or genes 
indispensable for survival and might be lethal for the cell. Occasionally, 
however, mutations affect genes giving the cell growth advantages because 
of accelerated proliferation or reduced cell death. Such genes comprise the 
oncogenes, which when mutated, may be activated and stimulate 
proliferation or protection against cell death, and the tumour suppressor 
genes which will inactivate genes that normally inhibit proliferation. Each 
successive genetic alteration may confer to the cell one or another type of 
growth advantage, which eventually converts the normal cell into a cancer 
cell. 
The alterations in cell physiology that gears the transformation from a 
normal cell to a malignant can be divided into distinct acquired properties 
summarised in Figure 1. 
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Figure 1. Acquired properties important for carcinogenesis.  
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Independence of growth signals 
A normal cell halted in a quiescent state requires exogenous growth signals 
to be able to leave this state and start to proliferate. Growth-factors bind to 
specific receptors and transmit signals into the cell to initiate proliferation. 
Tumour cells are independent of external growth stimuli as they may 
acquire the capability to produce their own growth factors to which they are 
responsive (PDGF (1-4), TGF-α (5-7)). Furthermore tumour cells often 
overexpress the receptors involved in the signalling cascade (EGFR (8, 9), 
HER2/neu (8, 10)) making them hyperresponsive, or the cell presents 
alterations in the downstream intracellular signalling pathways, which make 
them constitutively activated, thus eliminating requirements for external 
growth factors (8, 9, 11).  
An additional difference between a normal and a tumour cell concerning 
growth signals is that a normal cell responds to anti-proliferative signals, 
while a tumour cell is insensitive. Anti-growth signalling molecules bind 
their receptors and reduce the proliferation by shifting the cell status from 
active proliferation into a quiescent state or alternatively drive the cell into a 
postmitotic state. Insensitivity to anti-growth signals can be achieved in 
tumour cells by interference of the retinoblastoma protein (pRB) as many 
anti-proliferative signals normally are transferred via this pathway. 
Disruption of this pathway can be achieved in several ways including 
elimination of the pRB function via sequestration by viral oncogenes like 
the E7 protein from human papillomavirus (12).  
 
Resistance towards apoptosis 
An apoptotic response to unscheduled proliferation is a general response in 
normal cells to prevent transformation. Normal cells display a continuous 
surveillance of the extracellular surroundings and of the intracellular 
conditions to ensure that these fulfil standard requirements. If any 
abnormalities are detected, an apoptotic signalling pathway should be 
activated and force the cell into a programmed cell death. Resistance 
towards this apoptotic response is an important attribute that tumours need 
to acquire in order to grow and expand. An important alteration that induces 
resistance to apoptosis can be obtained by mutations in the p53 tumour 
suppressor gene. The P53 protein normally passes signals on from sensors 
detecting DNA damage, hypoxia or oncogene hyperexpression, to 
downstream effectors and thereby induces the apoptotic signalling cascade. 
Mutations of this gene is seen in more than 50 % of all human cancers (13-
15), which is an indication of the importance the inactivation of p53 exerts 
for the transformation of a normal cell into a malignant one. Other 
alterations include activation of the PI3-kinase-AKT/PKB pathway, which 
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transmits survival signals, and interruption of the Fas-signalling pathway 
(11). 
 
Escaping senescence 
A normal cell can exert a finite number of cell divisions before its 
replicative potential ceases and the cell enters a senescent state. The number 
of replications is correlated to the length of the telomeres, situated at the 
ends of the chromosomes, which protect the DNA. Telomerase is an enzyme 
responsible for maintaining the length of the telomeres and is a key 
component for unlimited replication (16, 17). Telomerase is activated in the 
vast majority of  human cancers but not sufficiently active in normal cells to 
maintain telomere length (18). 
 
Tumour angiogenesis 
Any cell in a tissue is dependant on the supply of nutrients and oxygen from 
surrounding blood vessels. The formation of blood vessels is normally 
strictly regulated by inducers and inhibitors, but this balance is altered in 
tumours in order to induce growth of new blood vessels (angiogenesis) (19, 
20). Angiogenesis is an important prerequisite for the rapid expansion 
associated with macroscopic tumours. Several known inducers of new blood 
vessels are known, and among these angiogenic factors, the vascular 
endothelial growth factor (VEGF) is probably the best recognized. VEGF 
binds to its specific receptors on endothelial cells inducing 
neovascularisation, and VEGF expression is frequently upregulated in 
tumours (21). The most recognised angiogenic inhibitor is thrombospondin-
1 (TSP-1)(22). TSP-1 binds its receptor on endothelial cells and hampers the 
formation of new blood vessels via inhibition or apoptosis. The p53 tumour 
suppressor protein positively regulates TSP-1 (23, 24) and as the p53 gene is 
frequently mutated or downregulated in most tumours, TSP-1 levels will 
decrease, releasing the endothelial cells from the inhibitory effect of TSP-1. 
 
Invasion and metastasis  
Traits important for the late stages of cancer progression include the ability 
to invade surrounding tissues and the capacity of tumour cells to 
disseminate and form new colonies at distant sites in the body. To acquire 
such traits, a reduction of the cell-to-cell contact inhibition has to take place, 
as well as a decrease of the cell and microenvironment interactions, which 
normally tightly regulate and restrain such cellular behaviour (11). Several 
types of molecules are involved in the cell-cell contacts and may be altered 
in cells which have acquired metastatic and invasive capabilities. These 
molecules include the cell-cell adhesion molecules (CAMs) and the 
integrins (25). E-cadherin is a CAM and is expressed on all epithelial cells. 
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Interactions between E-cadherin molecules on neighbouring cells cause 
induction of antigrowth signals (26). In normal cells this causes an 
inhibition of both invasion and metastasis. The functional inactivation of E-
cadherins seen in most epithelial tumours leads to the opposite, i.e. the 
capacity to invade and establish metastases (26). 
Another property important for the potential to invade neighbouring tissues 
and metastasise in distant organs is the upregulation of extracellular 
protease activity (27, 28). This upregulation can be induced within the 
tumour cell or by recruited stromal and inflammatory cells. The coupling of 
these extracellular proteases to the cell surface of the tumour cell increases 
the efficiency by which the cells invade and metastasise to new areas within 
the body. 
 
 
 
 
Treatment of malignant diseases 
 
When designing treatment strategies of malignant diseases the projected 
outcome might sometimes, due to non-controlable circumstances, diverge 
from the initial wish to completely eradicate the primary tumour, i.e. it 
could be to reduce the tumour growth, to find and eradicate distant 
metastases or to offer relief but not cure from the disease. 
Malignant diseases can be treated in several ways and treatment is geared by 
factors such as origin of the tumour, stage, location and the general health 
status of the patient. Radiotherapy, chemotherapy and surgery are three 
classical regimes widely used for treating tumour diseases, and biotherapy, 
including radioimmunotherapy, is a more recent group of therapies under 
rapid progression. All of these treatment modalities can also be combined, 
given either simultaneously or sequentially in order to optimise the 
treatment effect. 
 
Surgery 
Surgery is the oldest and still the most widely used treatment modality 
available for cancer patients, when possible to perform. If the tumour is 
detected at an early stage before spreading, surgery alone might be 
sufficient to reach complete remission. When there has been spreading with 
distant metastases, surgery is frequently used in combination with 
radiotherapy or chemotherapy.  
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Chemotherapy 
At chemotherapy a wide range of therapeutics, generally eradicating rapidly 
dividing cells are employed. As tumour cells often lose the capacity to 
regulate proliferation, they will continue to divide even when exposed to 
these drugs and consequently be killed. Unfortunately rapidly dividing cells 
are not only malignant cells, but also normal cells from bone marrow and 
gastrointestinal tract. Compared to surgery and radiation therapy, 
chemotherapy has one advantage - it is able to eliminate cancer cells 
throughout the entire body, not only the primary tumour. There are several 
major categories of chemotherapeutic agents which include:  
 
Antimetabolites 
Drugs that interfere with the formation of key biomolecules within the cell 
including nucleotides, the building blocks of DNA. These drugs utltimately 
interfere with DNA replication and therefore cell division.  
 
Genotoxic drugs 
Drugs that damage DNA. By causing DNA damage, these agents interfere 
with DNA replication, and cell division. 
 
Spindle inhibitors 
These agents prevent proper cell division by interfering with the 
cytoskeletal components, which enable one cell to divide. 
 
Other chemotherapeutic agents 
These agents inhibit cell division by mechanisms that are not covered in the 
three categories listed above. 
 
 
Radiotherapy 
Radiotherapy, also known as radiation therapy, provides high-energy 
ionizing radiation administered as X- or γ-rays. Ionizing radiation deposits 
energy in cells, which causes damage to crucial molecules, disrupts cellular 
processes and prevents proper cell division, making it impossible for these 
cells to grow. As radiation is not specific to malignant cells, it can also 
damage normal cells, but more efficiently tumour cells, because of their 
rapid proliferation. Normal cells also recover from the effects of radiation 
more easily and may actually accelerate the cell division after radiation. 
Radiation therapy is applied locally, affecting only cells in the treated area, 
and can not be used to treat non identified metastases. To achieve killing of 
secondary tumours and stop growth of any remaining tumour cell, radiation 
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therapy is often used in conjunction with other treatment modalities like 
chemotherapy and surgery. 
Radiation therapy can be delivered via external radiation from a source 
outside the body directing the radiation to the tumour or by an internal 
radiation source (brachytherapy), which is positioned inside the body, 
adjacent to or inside the tumour. 
 
 
Radioimmunotherapy 
 
Historical aspects 
Antibody therapy has moved significantly forward since the discovery of 
the immune system and its capability to recognise bacteria and foreign cells. 
Paul Ehrlich, who received the Nobel Prize in 1908, is one of the founders 
of immunology, and he was the first to recognise antibodies for their ability 
to differentiate between normal cells and transformed malignant cells. He is 
generally recognised as the inventor of the term “magic bullets”, describing 
the potential of an antibody to specifically target tumour cells. He 
specifically introduced immunotherapy as a potential treatment modality for 
targeting and treating tumours (29). Pressman and Keighley were the first to 
be able to inject antibodies specific for rat kidney labelled with radioactive 
isotopes, and document their localisation at the target site (30). This 
technique evolved into a trial in which Pressman and Korngold were able to 
demonstrate an accumulation of anti-tumour antibody that was larger than in 
normal tissues (31). In 1965, Gold and Freedman discovered 
carcinoembryonic antigen (CEA) (32, 33), the first well defined tumour-
associated antigen and as a result of this finding purified polyclonal anti-
CEA antibodies were shown to localise to CEA expressing tumours in vivo 
(34, 35). In 1975 Köhler and Milstein reformed the field of 
radioimmunotargeting as they introduced the hybridoma technology, a 
method that made it possible to produce large quantities of monoclonal 
antibodies with high purity and reproducibility (36). Since then numerous 
antigen-antibody systems have been established and several of the 
antibodies have been taken to clinical trials. Today radioimmunotherapy is 
mainly used for therapy of hematopoietic malignancies, such as non-
Hodgkin´s lymphoma (37-40). The progress in this area is due to the 
sensitivity of these cells to low doses of radiation and they are easily 
accessible by systemic therapy. The therapeutic advancement of solid 
tumours has been much slower, but several investigations using different 
radionuclides, engineered antibodies, and methods to increase antibody 
accumulation and penetration are currently being evaluated and have so far 
shown promising results (41-44). 
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Tumour antigens 
In radioimmunotherapy tumour antigens are used as targets for radiolabelled 
monoclonal antibodies. In order to distinguish the tumour cell from a 
normal cell, an antigen should selectively be expressed by the tumour cell, 
and it should be expressed stably and homogeneously in high amounts, 
without shedding into the circulation, and furthermore it should be easily 
accessible by the monoclonal antibody. Up to date, however, no tumour 
antigen is known to fulfil all these criteria.  
Most tumour antigens instead are expressed not only by tumour cells but 
also at least by a subgroup of healthy normal cells, but expressed in higher 
quantities or in an atypical mode on the tumour cells. These antigens are not 
tumour-specific but are referred to as tumour-associated antigens.  
Tumour antigens are a diverse group of molecules, which have been 
identified in a variety of malignancies (Table 1) 
 
Table 1. Categories of tumour antigens used as targets in radioimmunotherapy* 
 

Antigen category Antigen 
name 

Tumour type 
 

Clinical studies 

Hematopoietic 
differentiation antigens 

CD20 NHL FDA approved antibodies 
(Bexxar and Zevalin) 

 CD22 NHL Phase III 
 HLA DR NHL, CLL Phase II/III 
 CD33 Myelocytic leukemia (45-47) 
    
Cell-surface 
differentiation antigens 

   

Glycoproteins CEA Colorectal, breast, lung, 
pancreatic, stomach carcinoma 

Phase III 

 TAG-72 Ovarian, colorectal, breast, 
prostate carcinoma  

(48), (49, 50),  
(51, 52), (53) 

 PEM (MUC1) Ovarian, breast, bladder 
carcinoma 

Phase III 

 A33 Colorectal carcinoma (54) 
 PSMA Prostate carcinoma (55) 
    
Carbohydrates Lewis Y 

antigen 
Breast, lung, colon, prostate 
and ovary carcinoma 

(56) 

    
Growth-factor      
receptors 

EGFR Glial tumours (57) 

 HER2/neu  Breast carcinoma (58) 
    
Angiogenesis and                 
stromal antigens 

FAP  Epithelial tumours (metastatic 
colon cancer) 

(59, 60) 

 VEGFR  (61) 
    

 
Abbrevations: CEA, Carcinoembryonic antigen; TAG-72, Tumour-associated glycoprotein; PEM, Polymorphic 
epithelial mucin; PSMA, Prostate-specific membrane antigen; EGFR, Epidermal growth factor receptor; 
FAP,Fibroblast activation protein; VEGFR, Vascular endothelial growth factor receptor; NHL, non-Hodgkin's 
lymphoma; CLL, chronic lym hocytic leukaemia p
 * Modified from ref. (62-64). 
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 Placental Alkaline Phosphatase (PLAP) 

PLAP is one of four members of the alkaline phophatase family. Alkaline 
phosphatases are present in many cell-types, but their specific functions are 
still largely unknown. Alkaline phosphatases are often located on absorptive 
surfaces on tissues indicating a role in the transport of nutrients or ions 
across the plasma membrane (65). PLAP is expressed in the 
syncytiotrophoblasts of the placenta (66, 67) and trace amounts of PLAP 
can also be detected in tissues like testis, lung, liver and intestinal mucosa,  
together with tissue-non-specific or specific alkaline phosphatases (68). 
PLAP is a dimeric enzyme anchored in the plasma membrane and has also 
been suggested to be related to cell division both in normal and transformed 
cells (69, 70). Furthermore, PLAP has been claimed to be involved in the 
transfer of maternal IgG to the fetus, but this is still controversial (71, 72).  
Oncofetal antigens are tumour associated antigens normally expressed in 
fetal tissues and present only in trace amounts in normal tissues. High 
expression of the antigen in adult tissues is usually due to malignant 
transformation. 
In 1968 PLAP levels were found to be elevated in the blood of a patient 
with broncogenic carcinoma thereby establishing PLAP as one of the first 
oncofetal antigens (73). Later PLAP was also detected in serum from 
patients with other malignancies such as ovarian and gastrointestinal 
carcinomas, as well as seminomas (74). Since then, several reports have 
been published on PLAP and its role as a tumour marker and PLAP is 
currently used clinically as a tumour marker for seminomas (68, 75). PLAP 
has also been used as a target at experimental radioimmunotargeting (76, 
77) as well as for imaging of PLAP-positive tumours in patients (78). 
 

 Cytokeratins 

The cytoskeleton of eukaryotic cells is composed of three filament systems 
in the cell, i.e. microtubules, microfilaments and intermediate filaments. The 
cytoskeleton, together with its associated proteins, cooperate in several 
essential functions such as maintenance of cell shape, cell movement, cell 
replication, apoptosis, cell differentiation and cell signalling (79). The 
intermediate filaments are a family of proteins in which the two largest 
groups are the keratins (acidic and basic keratins) (80). Fortynine functional 
keratin genes have been identified from the human genome sequence 
database and 34 of these are cytokeratins and the rest hair keratins. 
Cytokeratins are the most abundant proteins in many types of epithelial cells 
and their complex expression pattern is both tissue-specific and 
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differentiation-specific (81). In addition, the expression pattern of the 
cytokeratins is usually maintained in transformed malignant cells (82, 83). 
This provides opportunities to identify the origin of malignant cell types by 
characterisation of their cytokeratin composition. Cytokeratin 8, 18, and 19 
are the most abundant in carcinomas, confirming that most of these tumours 
are of simple epithelial origin (82). Furthermore the abundance of these 
cytokeratins also makes them appropriate antigens for 
radioimmunotargeting (84-90). 
 
 
Antibodies 
To achieve the most favourable outcome at radioimmunotherapy, the 
antibody has to be functionally efficient. Properties like optimal affinity, 
penetration, antibody kinetics and clearence from circulation as well as 
minimal immunogenicity have to be taken into consideration. Today several 
different categories of antibodies are available, all with different 
characteristics making it possible to choose the most favourable antibody 
for each new treatment setup. 
 

Polyclonal and Monoclonal antibodies 

When the immune system encounter a foreign antigen an immune response 
is elicited and many different B-lymphocytes and plasma cells are activated 
to generate a polyclonal antibody response. In the beginning of the 
radioimmunotherapy era, polyclonal antibodies were used, but did not result 
in significant improvements in treating cancer because of problems with 
cross-reactivity. In 1975 the hybridoma technology was established (36), 
making it possible to produce monoclonal antibodies, which were very 
important for the continuation of immunotherapy. The use of monoclonal 
antibodies for radioimmunotherapy increases the targeting specificity and 
the tumour to non-tumour ratios of accumulated radionuclide. Monoclonal 
antibodies are also easily produced and compared to polyclonal antibodies 
more homogenous. Monoclonal antibodies have specificity for a single 
antigen epitope and are produced by hybridoma cells that originate from a 
single B-lymphocyte, which has been fused to a myeloma cell making it 
immortal. When intact monoclonal antibodies are used in 
radioimmunotherapy, they have the potential to kill targeted tumour cells by 
several mechanisms (62, 91, 92). Firstly these antibodies may act via their 
inherent immune effector mechanisms by recruiting and activating effector 
cells via the Fc portion of the antibody molecule leading to antibody-
dependent cell-mediated cytotoxicity (ADCC) and/or complement 
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dependent cytotoxcicity (CDC). Cell killing then proceeds via a cell-
dependent phagocytosis or a cell-independent lysis of the targeted cell. 
Secondly, antibodies may be used as carriers, more or less selectively 
delivering radionuclides to the tumour, where they may exert radiation-
induced tumour cell death. Finally, antibodies may neutralise ligands or 
block membrane receptors thereby interfering with receptor-ligand 
interactions and signal transduction. This might reduce the proliferative 
potential or induce apoptosis in the targeted tumour cells.  
 

Recombinant antibodies 

If mouse monoclonal antibodies are used for repetitive injections in humans, 
the immune system recognises them as foreign and responds by producing 
human anti-mouse antibodies (HAMA). This problem limits the use of 
monoclonal antibodies and has stimulated the development of recombinant 
antibodies with reduced immunogenicity, including chimeric antibodies, 
humanised antibodies and fully human antibodies (Figure 2) (93). 
Furthermore, although murine monoclonal antibodies may induce ADCC 
and CDC with human effector cells, chimeric, humanised and fully human 
antibodies with human IgG1 constant regions are preferred, as they elicit 
larger cytotoxicity in the presence of human complement and human 
effector cells. Chimeric antibodies consist of the mouse variable regions 
linked the to human constant regions and in humanised antibodies the 
complementarity determining regions (CDR) are grafted onto an equivalent 
human frame (94, 95). Fully human antibodies may be obtained from single 
chain variable fragment- (scFv) or Fab-phage display libraries (96). Human 
antibodies have also been obtained from transgenic mice which contain 
human immunoglobulin genes and genetically disrupted endogenous 
immunoglobulin loci. Immunisation elicits the production of human 
antibodies, which may be recovered using hybridoma technology (97). 
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Figure 2. Antibodies with reduced immunogenicity can be created for repetitive injections 
of antibodies in humans. 
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In attempts to diminish the problem of low overall tumour uptake of 
radiolabelled antibodies, compared to levels in blood and normal tissues, a 
variety of different recombinant antibodies have been generated. These 
antibodies can be constructed in an effort to optimise properties, such as 
tumour penetration, clearence and binding affinity. To this category belong  
scFv:s, nonstabilised or stabilised with a disulfide bond, diabodies (mono- 
and bi-specific), (scFv)2 (mono- and bi-specific) to mention a few (Figure 
3)(63, 94, 98).  
Different types of antibodies also have different targeting properties such as 
tumour binding (uptake, duration, optimal accretion time), biological 
(immune effector function, t1/2 blood, target organ) and physical (molecular 
weigth) (63).  
 
 
 

 
 
Figure 3. Schematic pictures of some antibody derivates with potential for 
use in radioimmunotherapy. 
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Antibodies in this thesis 

Two monoclonal antibodies have been employed in this work. The first one, 
TS1, is a monoclonal antibody specific for cytokeratin 8, an intracellular 
antigen deposited extracellularly in necrotic regions of the tumour. 
TS1 has been shown to localise efficiently to HeLa Hep2 tumours in several 
studies (84-90) and targets mainly necrotic parts of the tumour (Figure 4). 
The second antibody H7 is a monoclonal antibody against placental alkaline 
phosphatase (PLAP), a plasma membrane oncofetal antigen. H7 efficiently 
targets experimental HeLa Hep2 tumours (76, 77) and will bind mainly to 
viable parts of the tumour (Figure 4). 
 
 

TS1

H7

Necrotic area
(Cytokeratin 8)

Viable tumor tissue
(Placental alkaline phosphatase )

TS1

H7

Necrotic area
(Cytokeratin 8)

Viable tumor tissue
(Placental alkaline phosphatase )

 
 

Figure 4. Two monoclonal antibodies targeting different tumour antigens. 
TS1 recognises cytokeratin 8 and binds to necrotic areas of tumours and H7 is specific for 
PLAP and binds viable tumour tissue. HeLa Hep2 tumour section stained with 
haematoxylin-eosin. 

 

Clinical applications with antibodies 

Radioimmunotherapy of hematopoietic malignancies has lately advanced 
significantly and it seems likely that radioimmunotherapy in the future will 
play a major role in treatment of these diseases. Treatment responses in 
solid tumours are improving, but have not been as encouraging as expected, 
compared to hematopoietic malignancies, mainly due to a higher degree of 
inherent radioresistence in these tumours and heterogeneity in expression of 
tumour antigens and variability in vasculature. Numerous improvements 
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remain to be made before radioimmunotherapy can be included as a 
standard treatment modality of solid tumours.  
 
Hematological malignancies 
 
Radioimmunotherapy has been most successful in the treatment of 
hematological malignancies. Currently, several radioimmunotherapeutics 
are being evaluated in Phase III clinical trials and two have been approved 
for clinical use (Table 1). These two radioimmunotherapeutics are murine 
monoclonal antibodies, specific for CD20, used for treatment of non-
Hodgkin's lymphomas (NHL). CD20 is an antigen expressed on B cells 
from the pre-B cell stage to the B cell lymphoblast stage and further 
expressed on most malignant B cells. Bexxar is one of the approved 
radioimmunotherapeutics and is a mixture of unconjugated tositumomab 
and 131I-labelled tositumomab. The second approved 
radioimmunotherapeutics is 90Y-Zevalin, an immunoconjugate with a stable 
bond between the monoclonal antibody ibritumomab and the linker-chelator 
tiuxetan, which provides a high affinity, conformationally restricted 
chelation site for 90Y. Other examples of antibodies used for treatment of 
NHL, currently in clinical trials, recognising B-cell target antigens include 
oncolym (131I Lym-1), a monoclonal antibody labelled with 131I specific for 
the HLA-Dr10 protein and epratuzumab (Lymphocide), a humanised 
antibody labelled with 90Y that targets CD22 receptors on B-cell 
lymphomas. Furthermore some potential T-cell epitopes that may be 
targeted for treatment of NHL include CD33 and CD25. 
 
 
Solid tumours 
 
Treatment responses to radioimmunotherapy have been evaluated across the 
full spectrum of malignancies including breast, ovarian, colorectal, 
medullary thyroid and brain tumours. A significant number of antibodies 
specific for target antigens like carcinoembryonic antigen (CEA), tumour-
associated glycoprotein (TAG-72), polymorphic epithelial mucin (PEM, 
MUC1), Lewis Y, prostate-specific membrane antigen (PSMA), and A33 
have been used in clinical studies, predominantly labelled with 131I or 90Y 
(Table 1). Pemtumomab is a radioimmunotherapeutics currently in Phase III 
clinical development for ovarian cancer. It is an 90Y-labelled mouse 
monoclonal antibody directed against MUC-1, a form of mucin found on 
several tumour cells. Furthermore, labetuzumab, a humanised monoclonal 
antibody labelled with 131I and targeting carcinoembryonic antigen is in a 
pending Phase III status for treatment of liver metastases of colorectal 
cancer.  
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Although there are some promising radioimmunotherapeutics for treatment 
of solid tumours, the progress has been much slower when compared to 
studies on hematopoietic neoplasms. Consequently, novel strategies to 
improve the treatment response need to be developed, if 
radioimmunotherapy is to become a standard treatment in the future, and 
several strategies are currently being investigated. 
 
Radionuclides 
Labelling antibodies with suitable radionuclides is an important aspect of 
radioimmunotherapy. The selection of a radionuclide for 
radioimmunotherapy depends on the situation and no single radionuclide is 
likely to tackle every therapeutic aspect. Several properties, including 
physical data on the radionuclide, its availability, cost, labelling-chemistry 
and available biological characteristics have to be considered (63, 99, 100). 
The type of radiation emitted by the nuclide, required energy necessary for 
imaging or therapy and half-life of the radionuclide, which should 
correspond to the pharmacokinetics of the antibody in vivo are important 
physical parameters. Chemical parameters governing the choice of 
radionuclide include achievable specific activity, stability of the 
radionuclide/antibody complex after labelling, and that the labelling 
procedure does not interfere with the immunological activity of the 
antibody. Biological parameters to consider include tumour type, size, 
location, antibody kinetics, antigen density and heterogeneity and 
antigenicity. All these parameters determine the tumouricidal effect, but also 
the way the patient responds toxicologically. 
Table 2 lists radionuclides of current interest in radioimmunotherapy and 
their physical characteristics. 
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Table 2. Radionuclides presently used for radioimmunotherapy* 
 
Radionuclide Half-

life 
Emission Imageable Mean tissue 

range (mm) 
Maximum tissue 

range (mm) 
Emax 

(MeV) 
Iodine-131 
(131I) 

8.0 d β, γ Yes 0.4 2 0.81 

Yttrium-90 
(90Y) 

2.7 d β No 2.76 12 2.3 

Lutetium-177 
(177Lu) 

6.7 d β, γ Yes 0.28 1.5 0.5 

Copper-67 
(67Cu) 

2.6 d β, γ Yes 0.6 1.8 0.6 

Rhenium-186 
(186Re) 

3.8 d β, γ Yes 0.92 5 1.1 

Rhenium-188 
(188Re) 

17 h β, γ Yes 2.43 11 2.1 

Bismuth-212 
(212Bi) 

1 h α Yes 0.04-0.1 0.09 6.09 

Bismuth-213 
(213Bi) 

0.77 h α Yes 0.04-0.1 <0.1 5.87 

Astatine-211 
(211At) 

7.2 h α Yes 0.04-0.1 0.08 5.87 

Iodine-125 
(125I) 

60.1 d Auger, γ Yes 0.001-0.02  0.035 

 
* Modified from references (63, 92, 100) 
 
Three main categories of radionuclides have been investigated for 
therapeutic potential in radioimmunotherapy including β-particle emitters, 
α-particle emitters, and Auger electron-emitters following electron capture. 
Furthermore γ-ray emission may accompany the above mentioned radiation 
types during the decay of some radionuclides. 
 
So far the vast majority of preclinical and clinical studies have made use of 
β-emitting radionuclides such as 131I or 90Y. β-emitters have the advantage 
of being sufficiently long ranged to treat large solid tumours, often 
heterogenous in target antigen expression and local hemodynamics (101, 
102). Therapeutic benefits using β-emitters can be obtained by crossfire, 
implying that the cell which is targeted by the radiolabelled antibody is not 
necessarily the target of the decay event. This phenomenon reduces the 
requirement to target every single tumour cell, thereby bypassing tumour 
antigen heterogeneity and inadequate vascularisation of the tumour. 
 
α-particle emitting radionuclides are short ranged, high-energy helium 
nuclei with a high linear energy transfer (LET). As a consequence α-
emitters have a high relative biological effectiveness (RBE), which means 
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that a very low number of nuclear traversals from α-particles are needed to 
affect the targeted cell. This radiation reduces the ability of cells to repair 
their damaged DNA and also efficiently kill hypoxic cells. This makes 
tumour cells targeted by the α-particle emitting antibody and the immediate 
neighbouring cells sensitive targets (103). Consequently, α-emitters like 
211At, 212Bi and 213Bi are particularly attractive for treatment of easily 
accessible tumour cells in the circulation such as leukaemic cells and also 
micrometastases derived from solid tumours (104, 105). 
  
Like α-particle emitters, Auger-electron emitters like 125I have a high LET. 
Auger-electron emitters deposit a concentrated amount of energy in even 
shorter distances than α-emitters. This means that these radionuclides need 
to be located in the vicinity of the tumour cell nucleus to be effective. For 
this reason, antibodies labelled with Auger-emitting radionuclides need to 
target the entire tumour cell population for efficient therapy.  
 
 
Radiobiology 
 
Radiobiology is the branch of biology with focus on the effects of radiation 
on living organisms. Ionizing radiation is highly energetic and consists of  
α-, β-, γ and X-rays. These groups can be divided into non-particulate 
radiation, such as X-rays and γ-rays, and radiation transmitted by energetic 
charged particles, such as α- and β-rays. Some atoms are radioactive and 
referred to as radionuclides. These atoms can disintegrate randomly and will 
loose energy by emitting radiation as α-rays, β-rays and/or γ-rays in a 
process called radioactive decay. This radiation, if absorbed by a tissue, 
removes an orbital electron from an atom or molecule, referred to as 
ionization. X-rays have the same properties as γ-rays when they interact 
with matter, the only difference being that X-rays are emitted by electrons 
and not by the nuclei. Ionizing radiations can also be subdivided on basis of 
intensity of the ionization. This is measured in terms of linear energy 
transfer (LET), which is the energy transferred per unit length of track. The 
importance of LET is that if the intensity of ionization can be increased, 
there will be an increased probability that the radiation energy will be 
deposited in a biological target, thus increasing the biological effect (106). 
High-LET radiation includes the α-rays which have an immediate impact 
and directly transfers its energy to vital target molecules. Low-LET 
radiation includes β-rays, γ-rays and X-rays, which ionize sparsely with 
more indirect effects, since they interact and transfer their energy to 
molecules like water. These molecules then generate very reactive free 
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radicals, which in turn damage DNA. Several types of DNA lesions are 
induced by ionizing radiation, including changes in the bases of the nucleic 
acid, breaks in the continuity of the strands of the double helix. Abnormal 
cross-links formed within the DNA or between DNA and cellular proteins 
may occur (106). The most severe lesions are the DNA double strand breaks 
which will be lethal for the cell if not repaired.  
 
The cell cycle and radiation effects 
DNA damage checkpoints 
DNA damage checkpoints are pathways activated in response to DNA 
damage and when in operation they will delay or arrest cell cycle 
progression. When exposed to radiation, it is important for the cell to 
control the structural integrity of genomic DNA for any damage. DNA 
double strand breaks have for long been implied as the most important DNA 
lesions for activation of cell death and 1 Gy of radiation has been shown to 
induce approximately 40 DNA double-strand breaks in an ordinary cell 
(107). Several other DNA lesions including intra-strand and inter-strand 
cross-links and single-strand breaks can also be induced by radiation (106) 
and the DNA damage checkpoints have virtually to respond to all these 
types of lesions.  If DNA damage is detected, reparation processes are 
started immediately and signals are initiated and mediated to effector 
proteins, which activate DNA damage checkpoints, thereby preventing 
progression through the cell cycle. Activation of the DNA damage 
checkpoints adds extra time to the reparation machinery to fix the DNA 
lesion. This delay stimulates and may contribute to organise these reparation 
processes and may furthermore stimulate induction of apoptosis, since 
proteins involved in the cell cycle arrest also participate in activation of 
apoptosis. This is important since DNA damages have the potential to cause 
genetic mutations and chromosomal rearrangements, which will be inherited 
by the daughter cells.  
DNA damage checkpoints can delay cell-cycle progression in the G1, S or 
G2 phases. The most important checkpoints for DNA damages acquired by 
radiation are those in G1, arresting the cell prior to entry into the S-phase, 
and in G2, arresting the cell prior to mitosis. 
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Figure 5. Components of the DNA damage checkpoints in human cells. The damage is 
detected by sensors that, with the aid of mediators, transduce the signal to transducers. The 
transducers, in turn, activate or inactivate other proteins (effectors) that directly participate 
in inhibiting the G1/S transition, S-phase progression, or the G2/M transition. 
 
Reprinted, with permission, from the Annual Review of Biochemistry, Volume 73 © 2004 by Annual Reviews. 
www.annualreviews.org 
 

G1/S DNA damage checkpoint 

In cells irradiated in the G1 phase of the cell cycle, ataxia-telangiectasia 
mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR) kinases 
work as sensors detecting DNA damage. Following activation, ATM and 
ATR phosphorylate and activate downstream proteins including p53, which 
in turn transcriptionally upregulates the cyclin-dependent kinase inhibitor 
p21. P21 then binds to the CDK-cyclin complex inhibiting the G1 to S 
transition or inducing apoptosis. 
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G2/M DNA damage checkpoint 

The G2/M DNA damage checkpoint is responsible for the detection of DNA 
damage in cells that are about to enter mitosis and when activated should 
block this entry. Also at this checkpoint ATM and ATR kinases work as 
sensor molecules, detecting the DNA damage and transfer regulatory signals 
to downstream targets, thereby controlling proteins like Cdc2/CyclinB, 
Wee1, and Cdc25a, proteins crucial for the G2 to M transition. Furthermore 
p53 has been shown to sustain a G2 arrest following DNA damage by 
activation of the downstream target molecule  p21 and cells either p53-
deficient or p21-deficient may initiate a G2 arrest, but may also rapidly 
escape from this arrest (108). 
 
 
 
Cell death 
Cell death can be executed by different mechanisms, and was earlier looked 
upon as either necrosis or apoptosis. Apoptosis has for long been considered 
as a controlled programmed type of cell death, whereas necrosis has been an 
accidental form of cellular dying. Furthermore apoptosis characteristically 
induces cellular shrinkage, condensation and margination of the chromatin, 
and irregularities of the plasma membrane finally will break up the cell into 
apoptotic bodies, which will be recognised and engulfed by macrophages. 
Necrosis on the other hand is characterised by cellular swelling, often 
accompanied by chromatin condensation, which might lead to cellular lysis 
and a subsequent inflammatory reaction. Nowadays the distinction between 
apoptosis and necrosis is less clear and several reports indicate that 
biochemical and morphological characteristics of both modes of cell death 
can be found in the same cell. This indicates that apoptosis and necrosis are 
the extremes of a continous spectrum of cell deaths. Classification of cell 
death has furthermore gone from being regarded as either apoptotic or 
necrotic to literally explode into new definitions describing different cell 
death types (apoptosis, autophagy, necrosis and oncosis, mitotic catastrophe, 
programmed cell death, interphase cell death, senescence) making this area 
complex and challenging as one cell death type often can be described at 
least partly by more than one of these definitions (109-111). 
 
   
Apoptotic signalling pathways 
Execution of apoptosis is closely linked to the activation of a family of 
proteases called caspases. At normal conditions these caspases exist in the 
cell as inactive procaspases and will be activated when the cell encounter 
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external or internal inducers of the apoptotic machinery. Initiator caspases 
like caspase-8 and caspase-9 are activated via oligomerization and they then 
cleave and activate effector caspases like caspase-3, which subsequently 
activate/inactivate “cellular death substrates”, involved in the regulation and 
execution of apoptosis. These death substrates include poly(ADP-ribose) 
polymerase (PARP), inhibitor of caspase-activated deoxyribonuclease 
(ICAD) and actin (Figure 6). 
There are two major pathways which can be involved in the activation of the 
caspase cascade. The extrinsic pathway (the death receptor pathway) is 
activated when for instance Fas-ligand binds to its specific cell death 
receptor Fas, a member of the TNF receptor superfamily. The receptors are 
localised on the cell membrane and binding of the ligand reorganises the 
receptors, thereby inducing their oligomerisation. This causes the formation 
of the death induced signalling complex (DISC), which then recruits and 
activates caspase-8, which subsequently activates effector caspases (Figure 
6).  
The intrinsic pathway (mitochondrial pathway) is activated by various 
extracellular and intracellular stress signals such as DNA damage, hypoxia, 
growth factor withdrawal, or transcription induction of oncogenes. 
Generally, radiation induced apoptosis occurs via activation of this pathway, 
which involves permeabilisation of the outer mitochondrial membrane. This 
permeabilisation releases cytochrome C that facilitates the formation of the 
apoptosome-containing adaptor Apaf-1 and caspase-9. Caspase-9 is thereby 
activated and subsequently activates the rest of the caspase cascade (Figure 
6). 
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Figure 6. Schematic picture of the two main pathways in apoptosis.   
The mitochondrial pathway, which when stimulated leads to the release of cytochrome-C 
from the mitochondria and activation of the death signal. The second pathway is the death 
receptor pathway, triggered through the Fas death receptor. Both pathways converge to a 
final common pathway involving the activation of caspases that cleave regulatory and 
structural molecules and culminate in the death of the cell. 
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AIMS OF THE THESIS 
 
• To investigate if the combination of radioimmunotherapy and 

radiotherapy may improve treatment response in experimental HeLa 
Hep2 tumours in vivo as investigated by: 

o Tumour volume measurements 
o Analysis of the intratumoural morphology 
o Immunohistochemical staining of proliferation markers, 

apoptotic cells and blood vessels 
 

• To elucidate if apoptosis is of significance in low dose irradiation 
induced cell death of HeLa Hep2 cells as investigated by: 

o Analysis of distinct apoptotic markers following irradiation 
o Analysis of the involvement of the death receptor and the 

mitochondrial apoptotic pathways  
 

• To analyse if sequential cell cycle alterations that occur following 
irradiation are of importance for the subsequent cell death as 
investigated by: 

o Analysis of DNA-damage checkpoint activation 
o Analysis of mitotic abnormalities  
o Analysis of nuclear alterations 
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RESULTS AND DISCUSSION 
 
Paper I 
 
The combination of external beam radiotherapy and experimental 
radioimmunotargeting with a monoclonal anticytokeratin antibody. 
Cancer. 2002 Feb 15;94(4 Suppl):1314-9 
Johansson A, Eriksson D, Ullen A, Löfroth PO, Johansson L, Riklund-
Åhlström K, Stigbrand T. 
 
In this paper we have evaluated one potential strategy to improve accretion 
of radiolabelled antibody in the tumour by combining it with external beam 
radiotherapy. This study documented improved effects on the accumulated 
radiation dose to experimental HeLa Hep2 tumours following a combination 
of radioimmunotargeting using an 125I labelled anti-cytokeratin antibody and 
external beam radiotherapy. The importance of treatment timing when 
combining these treatment modalities was also evaluated. The highest 
accumulated dose, i.e. the highest percentage of injected activity per gram 
of tumour tissue, as well as the highest accumulated dose per injected 
activity, was obtained in the group receiving external beam radiotherapy 
prior to administration of the radiolabelled antibody. This increase in 
accumulation of the radiolabelled antibody, following pretreatment with 
external beam radiotherapy, is possibly the result of a decrease in the 
normally high intratumoural pressure, hyperpermeability of tumour blood 
vessels and the reduction of cell density in the tumour.  
This study indicated that improved treatment effects might be obtained if 
external beam radiotherapy is given prior to the administration of a 
radiolabelled monoclonal anti-cytokeratin antibody. 
 
 
Paper II 
 
Combined low dose radio- and radioimmunotherapy of experimental 
HeLa Hep 2 tumours. 
Eur J Nucl Med Mol Imaging. 2003 Jun;30(6):895-906. Epub 2003 Apr 
30. 
Eriksson D, Joniani HM, Sheikholvaezin A, Löfroth PO, Johansson L, 
Riklund Åhlström K, Stigbrand T. 
 
 
This study was a follow up of paper one. The optimised treatment timing for 
combined external beam radiotherapy and experimental 
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radioimmunotargeting obtained from that study was again applied. In this 
study antibodies were labelled with 131I instead of 125I and furthermore a 
second monoclonal antibody specific for PLAP was included.  
Significant tumour growth retardation was obtained in all treatment groups. 
The treatment response in the group receiving external beam radiation was 
transient and after approximately one week the tumours continued to grow 
quite rapidly. In the three groups receiving radioimmunotherapy alone (131I-
anti-PLAP antibody, 131I-anti-cytokeratin antibody, or a combination of both 
these antibodies) more pronounced and longer lasting tumour growth 
retardations were observed. Giving radioimmunotherapy alone, the best 
results were obtained in the group in which both 131I-anti-PLAP antibody 
and 131I-anti-cytokeratin antibody were administered simultaneously. This is 
probably because of the homogenous distribution of radiolabelled antibodies 
throughout the tumour as 131I-anti-cytokeratin antibodies will bind to 
necrotic areas and 131I-anti-PLAP antibodies to viable regions of the tumour. 
The most impressive results, however, were detected in the groups receiving 
external beam radiotherapy in combination with subsequent administration 
of 131I-labelled antibodies and in these groups a significant reduction in 
tumour volume could be demonstrated.  
Several major treatment related histological alterations were also detected 
following therapy. When the relative distribution of viable tumour tissue, 
necrotic tissue, and connective tissue was quantified, a significant decrease 
in viable and necrotic tissue was detected in the combination treatment 
group and inversely a pronounced increase of connective tissue was 
detected. Also in the group given external beam radiotherapy alone, a 
significant increase in connective tissue was detected. When the relative 
amounts of tumour cells and cysts were quantified in areas recognised as 
viable tumour tissue, a significant decrease in tumour cell density and a 
significant increase of cysts were observed in all treatment groups, again 
with the most pronounced effects seen in the combination treatment group. 
Furthermore the most pronounced deviation in cell morphology was 
observed in the combination treatment group with a marked polymorphism 
in both cytoplasmatic and nuclear size and shape. Apoptotic cells could be 
detected in all groups including the control group. In the treated tumour 
sections, cells positively stained for apoptosis often showed a cytoplasmic 
swelling and an obvious enlargement of the nuclei.  
In conclusion, when external beam radiotherapy is given prior to 
radioimmunotherapy, efficient treatment is obtained with convincing and 
long-lasting tumour reduction. This is reflected in a highly aberrant and 
chaotic histology within the tumour. Furthermore, the cell death responsible 
for the significant tumour growth retardation showed parallel occurrence of 
both morphological characteristics of necrosis and molecular biological 
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features of apoptosis, a phenomenom defined as secondary necrosis or 
mitotic catastrophe. 
 
Paper III 
 
Cell cycle disturbances and mitotic catastrophes following 2.5-10 Gy of 
ionizing radiation. Manuscript. 
David Eriksson, Per-Olov Löfroth, Lennart Johansson, Katrine Åhlström 
Riklund, Torgny Stigbrand. 
 
In order to achieve efficient radioimmunotherapy of solid tumours it is 
important to understand the way tumour cells respond to different doses of 
radiation at the molecular and cellular level and also the time dependency of 
these mechanisms. In this study we examined the induced sequential events 
in Hela Hep2 cells exposed to 2.5-10 Gy of ionizing radiation, with special 
emphasis on cell cycle arrest, mitotic aberrations and finally cell death. This 
study shows that a transient G2/M cell cycle arrest is induced in Hela Hep2 
cells following irradiation. The cells then reenter the cell cycle prematurely 
before completely finishing reparation of the DNA damages. This premature 
entry is followed by disturbed mitoses with an increased frequency of 
anaphase bridges, lagging chromosomal material and multipolar mitotic 
spindles. Furthermore a dose dependent significant increase in centrosome 
numbers in mitotic cells was documented. This hyperamplification of 
centrosomes might be the cause or a consequence of a failure to complete 
cytokinesis following irradiation and may be a critical event contributing to 
the radiation induced cell death now observed. The mitotic disturbances 
yielded a number of nuclear abnormalities. Irradiated cells often contained 
one or several micronuclei, formed by nuclear membrane formation around 
lagging chromosomes or chromosomal material. Furthermore an 
enhancement of the fraction of cells with several nuclei, probably a 
consequence of cytokinesis failure, as well as abnormally shaped 
multilobulated nuclei, could be identified in irradiated cells. An increased 
fraction of polyploid cells was obtained following irradiation, especially in 
the treatment group receiving the highest dose of radiation indicating that 
HeLa Hep2 cells have no functional polyploidy checkpoint, which would 
otherwise arrest the cell in the subsequent G1 after a failure to complete 
cytokinesis. 
 
In conclusion this paper elicits the transient activation of the G2/M DNA 
damage checkpoint, followed by a sequence of disturbed mitoses, the 
formation of multinuclear polyploid cells and cells with multiple 
micronuclei, and finally death via mitotic catastrophe and delayed apoptosis, 
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which occurs in HeLa Hep2 cells following 2.5-10 Gy of ionizing radiation. 
This indicates that the growth inhibitory effects exerted by 
radioimmunotherapy may be geared by cell cycle alterations, mitotic 
catastrophes and delayed apoptosis. 
 
 
 
Paper IV 
 
Apoptosis in HeLa Hep2 cells is induced by low-dose, low-dose-rate 
radiation. Radiat Res. 2002 Nov;158(5):634-40. 
 
Mirzaie-Joniani H, Eriksson D, Johansson A, Löfroth PO, Johansson L, 
Åhlström KR, Stigbrand T. 
 
This study was performed to elucidate if radiation doses and dose rates of a 
level comparable to radioimmunotherapy are capable to induce apoptosis in 
HeLa Hep2 cells in vitro. Cells were exposed to defined radiation doses (1, 
2, 5, 10, or 15 Gy) with two different dose-rates (0.80± 0.032 Gy/min or 
0.072± 0.003 Gy/min) from a 60Co radiation therapy source. Using a 137Cs 
source, the cells were furthermore irradiated with three different doses (2, 5, 
or 10 Gy) with a dose rate that was reduced to 0.045 Gy/h. Following 
radiation, apoptosis was detected and quantified using either fluorescein-
labelled Annexin V followed by flow cytometry or DNA ladder analysis. 
Compared to control cells a pronounced induction of apoptosis was induced 
after treatment with 5-10 Gy of irradiation. All dose-rates induced 
significant apoptosis, which was most marked 72-168 hours following 
irradiation. It can be concluded that low dose, low dose rate radiation is able 
to induce significant apoptosis in HeLa Hep2 cells in vitro and thus may 
explain a mechanism by which pronounced tumour growth retardation of 
HeLa Hep2 tumours previously has been obtained by radioimmunotherapy. 
 
 
Paper V 
 
Apoptotic signalling pathways induced in HeLa Hep2 cells following 5 
Gy of ionizing radiation. Manuscript. 
David Eriksson, Homa Mirzaie-Joniani, Per-Olov Löfroth, Lennart 
Johansson, Katrine Åhlström Riklund, Torgny Stigbrand. 
 
The purpose with this study was to elucidate the apoptotic signalling 
pathways involved in the delayed type of apoptosis that was observed in 
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HeLa Hep2 cells following low dose irradiation (Paper IV). The activation 
of caspases was studied and several were shown to be induced including 
initiator caspases-2, -8, -9, and effector caspase-3. This delayed apoptosis- 
like cell death seems to rely on an interplay between components from the 
extrinsic (caspase-8) as well as the intrinsic (caspase-2 and caspase-9) 
signalling pathways. An increased expression of the Fas receptor could be 
detected following irradiation and correlated well in time with the increased 
activation of caspase-8. PARP, a protein that is known to facilitate DNA 
repair and also is known as a caspase-3 cell death substrate, was found to be 
inactivated by cleavage. Furthermore, cycloheximide a protein synthesis 
inhibitor completely inhibited the caspase activation and the associated 
apoptosis, while a caspase-2 inhibitor, increased the survival and partly 
inhibited the radiation induced caspase activation in HeLa Hep2 cells 
following irradiation.  
In conclusion, activation of the apoptotic signalling pathways following 
irradiation of HeLa Hep2 cells include components from the intrinsic as 
well as the extrinsic pathways and seem to require caspase-2 activation and 
de novo protein synthesis. 
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GENERAL DISCUSSION 
 
Although significant progress has been made in treatment of tumour 
diseases, current therapies fail to efficiently cure several common types of 
malignant diseases. Novel therapeutic strategies are required and include 
approaches in which the tumour cells are specifically targeted and 
efficiently killed. Monoclonal antibodies have the potential to do so and 
available clinically useful antibodies typically use a combination of 
mechanisms to exert cytotoxic effects on tumour cells (62, 91, 112-115). 
Most monoclonal antibodies are able to interact and activate components of 
the immune system via the Fc-domain. This includes ADCC, a process at 
which antibodies will bind to their target antigen on tumour cells and the 
antibody Fc-domain engage Fc receptors on the surface of immune effector 
cells (NK-cells, monocytes/macrophages and granulocytes). Cross-linking 
of the receptors triggers the release of cytoplasmic granules containing 
perforin and granzymes, which lyse the tumour cell. Furthermore 
complement dependent cytotoxicity is another effector mechanism, which 
might be activated when monoclonal antibodies bind to antigen on tumour 
cells. The binding causes exposure of binding sites on the monoclonal 
antibody for proteins important for initiation of the complement cascade. 
This leads to release of chemotactic factors and recruitment of more 
immune effector cells to the tumour and also to formation of the membrane 
attack complex, which promotes target-cell lysis. Besides activating the 
immune system, some monoclonal antibodies target growth factor receptors 
on tumour cells and block ligand binding and downstream signalling events 
that normally would induce cellular proliferation and resistance to cytotoxic 
agents. Finally, monoclonal antibodies can function as carriers of 
chemotherapeutics, enzymes, toxins or radionuclides.  
In radioimmunotherapy, labelling of antibodies with radionuclides can 
potentiate the effect of the antibody alone and increases the tumour response 
(116). Currently, there are several major challenges in radioimmunotherapy:  
 

• to increase the poor accumulation of radiolabelled antibody within 
the tumour,  

• to reduce the background radioactivity from circulating non-targeted 
antibody 

• to specifically modulate the cell cycle and the cell death pathways to 
increase the radiation induced cell death. 

 
Several strategies to improve radioimmunotherapy in each of these areas 
have been investigated and will be discussed below. 
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Modulation of the cell cycle and the cell death pathways  
To characterise the type of cell death caused by radioimmunotherapy is a 
complex mission, since new characteristics of the different types of cell 
death continuously arise and often overlap earlier definitions. Cell death 
induced by ionizing radiation has been described to occur directly or 
indirectly by several mechanisms including necrosis, rapid or delayed 
apoptosis and mitotic catastrophe with or without apoptosis (107, 117, 118). 
Classical apoptosis is rapidly induced in the interphase within hours (118) 
following irradiation, and it usually occurs in cells highly sensitive to 
radiation, as those from the lymphoid and myeloid lineages (including 
lymphomas). The most frequent mode of cell death, however, is mitosis-
linked death and although morphologically distinct from apoptosis, it may 
include activation of the apoptotic machinery (107, 117, 118). This cell 
death is a result of disturbed mitoses in which failure of accurate 
chromosome segregation and failure in cytokinesis induce formation of 
micronuclei or binucleated giant cells respectively (107). These damaged 
cells do not necessarily die immediately, but may continue through several 
cycles of cell divisions, acquiring an increasing chromosomal as well as 
genomic instability, finally causing cell death. 
 
This thesis documents that an apoptosis related cell death occurs in HeLa 
Hep2 cells, both in vitro (paper III, IV, V) and in vivo (paper II), 
following low dose, low dose rate radiation. Compared to classical 
apoptosis, this cell death is delayed and most easily observed 3-7 days 
instead of hours, following irradiation. It is accompanied by cellular 
swelling instead of cellular shrinkage and is a postmitotic, not a premitotic, 
phenomenon.  
The kinetics of this death correlates well in time with the mitotic 
disturbances that follows treatment with ionizing radiation eventually 
generating the mitotic catastrophe in HeLa Hep2 cells. Mitotic catastrophes 
were observed to follow after a transient G2 arrest, subsequent entry into 
mitosis, and hyperamplification of the centrosome number (paper III). 
Centrosome hyperamplification is probably either the cause of the 
subsequent cytokinesis failure, or a consequence of the same. 
Hyperamplification of centrosomes might be an essential activating 
mechanism, which induces the sequential mitotic catastrophes and cell 
deaths following irradiation. This abnormal amplification of centrosomes 
occurred approximately at the same time as an increased fraction of cells 
with multipolar mitotic spindles, lagging chromosomal material, and 
anaphase bridges were seen.  

 37



Anaphase bridges may be generated when broken chromosomes, either 
induced by irradiation or triggered by abnormal shortening of the telomeres, 
fuse. If several chromosomal fragments contain a centromere, the force 
during mitosis on such chromosomes will be substantial when the mitotic 
spindle pulls these centromers in opposite directions. Anaphase bridges 
consisting of chromatin bridges will be generated and they usually resolve 
by new chromosomal breakages generating secondary DNA damages.  
Radiation and DNA damage have earlier been shown to induce the intrinsic 
apoptotic pathway, mainly via caspase-9 activation. Lately caspase-2 has 
gained increased interest as the most apical of the caspases involved in the 
intrinsic pathway(119-121). Caspase-2 is also important for the apoptosis-
related cell death, which follows mitotic catastrophes (119), which we also 
observed in paper V. There are several possible mechanisms of caspase-2 
activation following DNA damage including dimerisation of procaspase-2 
and a subsequent autocatalytic cleavage that promotes its stable dimerisation 
and further enhances its catalytic activity (121) (Figure 8). Another 
possibility is that caspase-2 becomes activated in a complex similar to the 
apoptosome (Figure 6). The PIDDosome is such a complex, which includes 
PIDD, a p53-inducible death domain-containing protein, that binds pro-
caspase-2 (121) (Figure 8). 
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Figure 8. The apoptotic signalling cascade in HeLa Hep2 following ionizing radiation 
(paper V). Two potential ways to caspase-2 activation are visualised. 
 
 
Furthermore an induction of caspase-8 was observed that correlated well in 
time with an increased expression of Fas (paper V), which can be 
upregulated by the tumour suppressor p53 following DNA damage. 
Increased Fas expression following radiation probably activates caspase-8 in 
a Fas-ligand independent clustering of the Fas receptor. Caspase-8 may also 
be activated when the intrinsic pathway has been activated, via an 
amplification loop.  
 
Cell cycle arrests and apoptotic execution are two of the most important 
determinants of sensitivity to ionizing radiation. Such radiation induces 
DNA damages that can be detected by the cell and initiate signals that 
activate either DNA damage checkpoints, which increase the time for DNA 
repair, or execution pathways, which cause cell death. The activation of 
both the regulatory cell cycle pathway and the apoptotic signalling pathway 
involves several key proteins and an increased understanding of the kinetics 
of this response could enable specific modulation of defined signalling 
pathways. Several strategies in which these key molecules or the kinetics of 
the radiation induced cell response have been modulated are currently 
investigated.  These studies will be discussed below in connection to the 
results obtained in this thesis. 
 
 Cell cycle modulation 
Tumour cells often comprise an impaired G1/S cell cycle checkpoint, still 
with the G2/M cell cycle checkpoint intact, which seems to be a reality also 
in HeLa Hep2 cells (paper III). A radiation induced G2/M-arrest is 
normally observed in tumour cells and this arrest may provide the cell with 
extra time to repair damaged DNA before entering mitosis. Agents that 
abrogate this G2/M checkpoint have been shown to sensitize tumour cells to 
ionizing radiation. These G2/M checkpoints abrogators include caffeine and 
staurosporine analogs including UCN-1, which have been shown to enhance 
tumour cell radiosensitivity (122, 123). 
 Several studies have demonstrated that cells respond differently to radiation 
depending on which cell cycle phase they are in. Usually, cells that are in 
the M-phase or G2-phase of the cell cycle are considered to be most 
radiosensitive, opposite to cells in the S-phase which are considered 
radioresistant (106, 124). This fact has been explored in a number of 
combination therapy studies, in which tumour cells have been synchronised 
and arrested in cell cycle phases in which these cells are more 
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radiosensitive. Chemotherapeutic agents have been used for this purpose 
with the taxanes, paclitaxel and docetaxel included, which block cells at the 
radiosensitive G2/M phase of the cell cycle (125, 126). Similarly, radiation 
synchronises and arrest tumour cells in G2/M of the cell cycle and might be 
one rationale behind the efficacy of fractionated radiotherapy (127, 128). 
Furthermore if radiotherapy is combined with radioimmunotherapy, this 
phenomenon can be explored and taken advantage of. For synergy to occur, 
the appropriate timing of radiotherapy in relation to radioimmunotherapy is 
crucial. Radiotherapy should be given so that the maximal fraction of 
tumour cells is synchronised in G2/M when the radiolabelled antibody starts 
to accumulate in the tumour. Concurrent administration of the therapies or 
administration of radioimmunotherapy 1-2 days prior to radiotherapy is 
probably optimal to fully explore this strategy. This is also supported by Sun 
et. al. (1997) combining radioimmunotherapy with external beam 
radiotherapy in human colon carcinoma xenografts and they found that best 
tumour responses were obtained when both therapies were applied 
simultaneously. Cells within a tumour however are extremely heterogenous 
with regard to their cell cycle characteristics compared to cells at controlled 
culture conditions. Furthermore the timing of synchronisation may vary 
between different cell lines, which make the optimal synchronisation almost 
impossible to achieve clinically. When we combined radiotherapy and 
radioimmunotherapy in paper II, the radiolabelled antibodies were 
administered several days after the radiotherapy, which means that the cell 
fraction still arrested in the G2/M checkpoint is small when these antibodies 
start to accumulate in the tumour (see paper III). This may indicate that the 
convincing treatment results obtained in paper II most likely are not the 
result of cell synchronisation in a radiation sensitive cell cycle phase. 
Instead other potential positive combination effects can explain this as 
described below. 
 
Modulation of Apoptosis 
Modulation of the apoptotic response by interfering with the specific signal 
transduction pathways may enhance the therapeutic effect of radiation. 
Furthermore it may be possible to use radiation to make tumour cells more 
sensitive for defined pro-apoptotic stimuli.  
Modulation of the apoptotic threshold, by inhibiting the epidermal growth 
factor (EGFR) known to activate anti-apoptotic signalling pathways and 
increase radiation resistance, has been extensively studied (129-131). An 
antibody against EGFR (C225/cetuximab) increased the radiation induced 
apoptosis and various Phase-I, -II and -III studies testing this combination 
have been initiated (131, 132). A large fraction of human tumours display 
mutations in the p53 gene or lack p53 expression or function. P53 has been 
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shown to be important but not crucial for the induction of radiation induced 
apoptosis. Loss of early apoptosis is balanced by a delayed wave of p53-
independent apoptosis, which presumably is a consequence of mitotic 
catastrophes (133). However, certain tumours that have p53 mutations may 
evade radiation induced apoptosis and restoration of wild-type p53 function 
may therefore potentiate the radiation response of these tumours (134-137). 
Another approach to modulate the apoptotic threshold is by inhibition of the 
nuclear transcription factor NF-κB, which is known to be constitutively 
activated in a variety of human malignancies. NF-κB controls the 
expression of anti-apoptotic and cell survival proteins and is activated in 
response to cellular stress including radiation (138). Studies in which NF-
κB activity has been inhibited using a selective inhibitor (PS-341) indicates 
improved therapeutic tumour response when combined with radiotherapy 
(139-142). 
TRAIL, a member of the death ligand family has been shown to induce 
substantial apoptosis in many tumour cells (143, 144).  Radiation can be 
used to sensitise tumour cells to TRAIL and combination treatment has so 
far been promising with additive and also synergistic effects (145-147). 
Upregulation of the TRAIL receptor has been observed following irradiation 
but may not be the sole mechanism by which sensitisation to TRAIL 
following irradiation is induced (145, 148). A similar upregulation has been 
observed also for Fas, another cell death receptor, following irradiation 
(149-151). This upregulation has been shown to initiate a Fas Ligand-
independent Fas receptor trimerisation and a subsequent activation of the 
Fas death pathway (150, 152). Ionizing radiation has also been used to 
sensitise tumour cells to Fas–induced apoptosis and has generated promising 
results (151). This approach is attractive and is currently being evaluated in 
our group, as we also observed an increased expression of the Fas receptor 
following irradiation (paper V).  
TNF-α is an attractive therapeutic protein, which has a broad range of 
anticancer effects, including direct tumour cell cytotoxicity, antiangiogenic 
properties, and enhancement of antitumour immunity (153). TNF-α 
expression has been shown to be increased after cellular exposure to 
ionizing radiation (154). TNF-α furthermore has been shown to enhance the 
cytotoxic effects of radiation both in tumour cells and in experimental 
tumours (154-158). When given systemically, however, TNF-α is not well 
tolerated and cause severe side-effects (159, 160). Connecting TNF-α to a 
recombinant antibody specifically delivering TNF-α to the tumour would 
probably reduce the cytotoxic side-effects. We are currently investigating 
the therapeutic effects of a TNF-α scFv conjugate as a single treatment 
modality and also as a combination with antibodies labelled with 
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radionuclides. As TNF-α has been shown to induce necrosis in the centre of 
tumours (161), an interesting approach would be to combine  TNF-α scFv 
with a 131I-anti-cytokeratin antibody, which target the necrotic regions of 
tumours. 
 
How to improve antibody accumulation within the tumour? 
The efficacy in treatment of solid tumours with radioimmunotherapy has 
been limited by inability of the monoclonal antibodies to reach all regions of 
a tumour in vivo in adequate quantaties. To reach a malignant cell within a 
tumour, the administered antibody has to make its way into the blood 
vessels of the tumour. Within the tumour extravasation occurs and the 
antibodies are transported into the interstitium via diffusion and convection. 
Finally, the antibodies migrate via the interstitium to target the tumour cells. 
One significant problem in radioimmunotherapy is that tumours often 
develop and expand in ways that hinder these steps, which leads to a poor 
localisation of radiolabelled antibodies within the tumour (162). The factors 
affecting this include heterogenous blood supply, which will severely 
decrease delivery of the antibodies to regions of the tumour not well 
perfused (102, 163, 164). An elevated interstitial pressure is also often 
found in solid tumours, which reduces the extravasation of antibodies from 
the vessels into the tumour tissue (102, 163, 164). Furthermore, large 
transport distances in the interstitium increase the time required for slowly 
moving intact antibodies to reach distal regions within a tumour (102, 163, 
164). Finally, low accumulation might also depend on heterogeneity in the 
expression of tumour associated antigens. If strategies, which could increase 
the fraction of antibody which targets the tumour can be developed, one 
important step towards establishing radioimmunotherapy as a more general 
treatment modality is taken. 
 
Antibody/Radionuclide cocktails 
Heterogeneity in antibody and radiation dose distribution within the tumour 
following radioimmunotherapy is a known phenomenom. This problem 
relates to heterogeneity in antigen expression, with some tumour cells 
expressing no antigen and others being weakly or strongly positive. Selected 
mixtures of antibodies to different antigens are therefore likely to react with 
more cells than single antibodies, giving a more homogenous dose 
distribution and a more effective therapy. This approach has been shown to 
be more efficient than using either antibody alone (165-167). This is also in 
agreement with the results obtained in paper II in which 
radioimmunotherapy given alone, generated the best results in the group in 
which both 131I-anti-PLAP antibodies and 131I-anti-cytokeratin antibodies 
were administered simultaneously. This is probably because of the 
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homogenous distribution of radiolabelled antibodies throughout the tumour 
as 131I-anti-cytokeratin antibodies will bind to necrotic areas and 131I-anti-
PLAP antibodies to viable regions of the tumour.  
A combination of radionuclides with properties optimal for primary tumour 
treatment (β-particle emitters) or treatment of micrometastases (α-particle 
emitters, Auger-electron emitters) has the potential to improve the dose 
distribution and serve to improve the therapeutic ratio at 
radioimmunotherapy. 
 
 
Combination treatment 
In order to obtain additive or even synergistic therapeutic effects, 
radioimmunotherapy can be combined with other treatment modalities. Such 
an approach, explored in several studies in both animals (168-172) and 
patients (173-175), is to combine radioimmunotherapy with external beam 
radiotherapy. The potential advantages include spatial cooperation since 
clinically undetectable micrometastases outside the external beam radiation 
field can be specifically targeted with radiolabelled antibodies. The major 
tissue toxicity following radioimmunotherapy appears in the bone marrow 
with myelosuppression and for external beam radiotherapy negative side 
effects occur in the normal tissues closest to the tumour. Since 
radioimmunotherapy and external beam radiotherapy present different tissue 
toxicity due to differences in dose distribution, the overlap of the toxicities 
from radioimmunotherapy and external beam radiotherapy will be minimal. 
This may lead to a relative sparing of normal tissue or that an increased 
radiation dose can be delivered to the primary tumour without increasing 
toxicity significantly. Finally there are several hypotheses why a 
combination of these treatment modalities potentially should be able to 
induce a synergistic treatment response, if the optimal sequence of 
administration is used (figure 7). 
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Figure 7. Mechanisms explored when radioimmunotherapy is combined with radiotherapy. 
 
External beam radiotherapy has been shown to reduce the interstitial fluid 
pressure in tumours and if given prior to radioimmunotherapy an increased 
antibody accretion can be obtained (176, 177). External beam radiotherapy 
also induces hyperpermeability in tumour blood vessels, which would 
further enhance the antibody accretion (101, 169, 171). This increase in 
blood flow is however short-lived and usually restricted only to regions of 
the tumour, which are well vascularised. If a primary dose of external beam 
radiotherapy induces necrotic cell death, in which the intracellular content is 
released within the tumour, an increased deposit of cytokeratin 8 will occur. 
Using antibodies with specificity for this antigen, like TS1, means that there 
may be increased antigen available for these antibodies, if they are 
administered after external beam radiotherapy. Besides increasing antibody 
accretion, combining radioimmunotherapy with external beam radiotherapy 
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may affect other parameters that potentially increase the therapeutic 
response. Due to insufficient blood supply, tumours often contain hypoxic 
regions. The proportion of hypoxic cells in a tumour will influence its 
response to irradiation as hypoxic cells are less radiosensitive than well 
oxygenated. If a tumour is treated with external beam radiotherapy, the 
proportion of hypoxic cells will increase as the major part of the dying cells 
are well-oxygenated. However after some time there will be an increased 
availability of oxygen for these hypoxic cells, following reduced 
consumption by damaged cells, and an improved circulation due to tumour 
shrinkage (106). If radioimmunotherapy is applied in such a way that the 
radiolabelled antibodies target the tumour when this reoxygenation has 
occurred, an increased treatment response will be obtained. Furthermore, if 
the tumour is treated with external beam radiotherapy, tumour cells may be 
forced into and partly synchronised in a G2/M-arrest, which is a phase of 
the cell cycle in which cells are known to display an increased sensitivity for 
radiation. Again radioimmunotherapy has to be administered at an optimal 
time point so that antibody accumulation occurs at the time when tumour 
cells are still arrested in this radiosensitive phase. 
In order to explore these potential combination effects optimally, the 
sequence of administration is important and has been studied in several 
works (170, 171) (paper I). Differences in the optimal administration 
sequences probably reflect the different tumour models used and that the 
above mentioned parameters are more or less important in these systems for 
an optimal combination treatment design. 
  
In paper I the highest antibody accretion was obtained in HeLa Hep2 
tumours when external beam radiotherapy was given prior to 
radioimmunotherapy. In paper II we used this optimised combination 
treatment design to treat nude mice bearing HeLa Hep2 solid tumours on 
their back. Significant reduction in tumour volume could be demonstrated 
and a pronounced deviation in cell morphology with a marked 
polymorphism in both cytoplasmatic and nuclear size and shape. 
In papers III, IV, and V we observed that in HeLa Hep2 cells, death occurs 
3-7 days following radiation. This is one observation that might explain the 
improved antibody accretion and therapeutic tumour response obtained 
when a radiolabelled antibody is administered days after treatment with 
external beam radiotherapy. During this time period a substantial amount of 
tumour cells will die, be cleared by phagocytic cells, with simultaneous 
appearance of cysts (paper II). The drop in cell density facilitates antibody 
penetration into the tumour and also reduces the intratumoural pressure, and 
increase perfusion of antibodies into the tumour. The use of a combination 
of radioimmunotherapy and external beam radiotherapy is a novel technique 
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with great potential that can increase the tumour treatment response if the 
timing of administration can be optimised.  
 
Optimizing accretion by antibody engineering 
One approach to achieve a high accretion and deep and more homogenous 
penetration of radiolabelled antibody into the tumour is to use smaller 
antibody fragments. However if these antibodies should be successful in 
radioimmunotherapy, they must be able to retain high affinity, not be 
immunogenic, since repetitive or continous administration will be needed to 
compensate for their rapid clearance from blood. 
 
 
How to reduce the background radioactivity from circulating antibody? 
Delivery of radiation doses sufficient to induce significant tumour growth 
retardation is one of the major challenges in radioimmunotherapy. Only a 
fraction of the injected antibody will target the tumour, and as little as 0.1 % 
of the injected antibody will be taken up per gram of tumour tissue in man 
(178, 179). High doses of radiolabelled antibody therefore need to be 
administered, increasing the risk for radiation mediated toxicity, especially 
of the bone marrow, thereby limiting the dose of radiolabelled antibody that 
can be used. These side-effects are caused by slow blood clearance of the 
antibody-radionuclide complex, resulting in a long circulation time in the 
vasculature, which reduces the tumour to normal tissue ratio. Several 
strategies to reduce background radioactivity from circulating antibody are 
currently being investigated and will be discussed below. 
 
Antibody engineering for increased clearence 
One strategy to reduce the circulation time of the antibody-radionuclide 
complex is to develop small antibody fragments, which retain their ability to 
target the tumour, but are cleared more rapidly from the circulation. 
Antibody fragments like F(ab)2 and Fab’ are produced by enzymatic 
cleavage and have been used in several clinical and experimental studies 
(180-186). These fragments demonstrated excellent tumour penetration, 
more rapid clearance, but also a reduced tumour residence time compared to 
intact IgG antibodies, but still they were able to produce good therapeutic 
results. Smaller scFv constructs can be produced by recombinant DNA 
technology in various forms and include scFv, (scFv)2 and diabodies. ScFv 
are probably not optimal for radioimmunotherapy as their size and their high 
positive charge affect the filtration rate and excretion through the kidneys, 
which leads to a rapid renal clearance and therefore a small total tumour 
uptake (187-189). The tumour penetration is however excellent and the 
rapid clearance makes these small antibody derivates suitable for 
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radioimmunolocalisation of tumours.  Larger recombinant antibody 
derivates like (scFv)2 and diabodies have molecular weights above the range 
for rapid renal clearance. They are also bivalent, which enable them to retain 
their affinity, and have good tumour penetration when compared to intact 
antibodies and therefore should be suitable for delivering payloads to 
tumours (184, 190). We are currently evaluating a (scfv)2 antibody against 
PLAP for its tumour targeting capacity and the results are encouraging with 
a significant accumulation of the antibody in the tumour, good tumour 
residence time, and still rapid clearance of circulating non-bound antibody 
(data not published). 
 
 
Removal of circulating non-targeting antibody 
Another way to reduce the background radioactivity is by using various 
techniques to increase the kinetics by which circulating non-bound antibody 
is cleared.  

Pretargeting 

In order to increase the tumour to normal tissue ratio in 
radioimmunotherapy, pretargeting techniques have been developed, based 
upon bi-specific immunoconjugates that target tumour antigen and a small 
molecule carrying the radionuclide (191, 192). Two main approaches can be 
distinguished. The first approach takes advantage of the high-affinity 
binding between streptavidin/avidin and biotin and several approaches using 
this strategy have been investigated. This includes a two step approach, in 
which the first administration consists of antibodies labelled with biotin or 
streptavidin. When these antibodies have cleared from the circulation this is 
followed by administration of radiolabelled-streptavidin or radiolabelled-
biotin respectively. In a three step procedure biotinylated antibodies are 
cleared from the circulation by administration of streptavidin or avidin that 
will also bind to the biotinylated antibodies localised in the tumour. Finally 
radiolabelled biotin is administered. The second main approach utilises bi-
specific anti-tumour/anti-hapten antibodies as a pretargeting step, which is 
followed by a second step in which a radiolabelled bivalent hapten is 
administered. 
 

Secondary antibodies 

Secondary antibodies can be used as clearing agents for circulating non-
tumour targeted anti-tumour antibodies and have demonstrated efficiency in 

 47



several experimental studies, generating an increased tumour to normal 
tissue ratio (193, 194). The secondary antibodies bind to the primary anti-
tumour antibodies and form immune complexes. These complexes are 
rapidly deposited in the liver, an organ in which the antibody-radionuclide 
complex is metabolised, followed by excretion of free radionuclide via the 
urine. Secondary antibodies as clearing agents were introduced by Spar et. 
al. already in 1964 when he used polyclonal antibodies to clear primary 
radiolabelled antibodies (195). Since then several studies using polyclonal 
antibodies as clearing agents have been conducted, but with the introduction 
of monoclonal syngenic anti-idiotypic antibodies as clearing agents, the 
specificity and the precision by which non-tumour targeting antibodies can 
be cleared has significantly increased (77, 194, 196). Lately we were able to 
show that in addition to intact anti-idiotypic IgG also anti-idiotypic (Fab’)2 
and Fab fragments are able to clear idiotypic antibodies from circulation 
(197). 
 

Extracorporeal immunoadsorption 

There is a possibility to reduce the level of non-tumour-targeted antibodies 
by immunoadsorption ex vivo. This method is called extracorporeal 
immunoadsorption (ECIA or ECAT) and makes use of an elimination 
strategy that clears the circulation from non-tumour-binding antibody by 
passage of the blood through an adsorptive column. This system exploits 
immobilised anti-species antibodies or if used in a pretargeting system 
affinity interaction between avidin and biotin. Extracorporeal 
immunoadsorption has been tested and evaluated for its efficacy both for 
imaging and therapy in animals and patients (198-203). 
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FUTURE ASPECTS 
 
Although intense research has been conducted over the last 30 years in 
efforts to establish radioimmunotherapy as a new treatment modality of 
malignancies, there is still a need for significant improvements in this area. 
Radioimmunotherapy has so far had most success in the treatment of 
hematological malignancies and in January 2006 two 
radioimmunotherapeutics have been approved for clinical use. When 
radioimmunotherapy has been used for treatment of solid tumours, the 
progress has been much slower, and targeting minimal and micrometastic 
disease appears at present to be the optimal objective for this therapy. 
However, a number of putative improvements are currently being 
investigated in order to improve the radiation dose delivered and to achieve 
a more uniform distribution of ionizing radiation to the tumours. 
Engineering of antibodies with reduced immunogenicity (human, 
humanised, chimeric) eliminates the HAMA response, making it possible to 
treat solid tumours with multiple administrations of radiolabelled antibodies. 
Construction of engineered antibody formats with optimised properties, 
such as tumour penetration, clearence and binding affinity have also been 
given considerable attention and we are currently evaluating a collection of 
recombinant antibody derivates for their targeting capacity.  
Several promising pretargeting strategies that reduce the systemic radiation 
caused by circulating non-targeted radiolabelled antibody have been 
developed in order to improve tumour to normal tissue ratios. Improved 
understanding of the activation of cell-cycle checkpoints, the induction of 
cell cycle disturbances, and the initiation of signalling pathways involved in 
the radiation induced cell death will improve the strategy by which 
radioimmunotherapy can be applied.  Understanding the effector 
mechanisms responsible for the execution of radiation induced cell death 
makes it possible to combine radioimmunotherapy with agents that 
enhance/reduce the cascade of molecular events required for tumour cell 
death following continous low dose radiation from radioimmunotherapy.  
It is my personal belief that in the future, radioimmunotherapy of solid 
tumours will not be made by use of a single radiolabelled antibody. Instead 
cocktails of antibodies, binding to different regions of the tumour will be 
administered leading to a more homogenous distribution of ionizing 
radiation throughout the tumour.  
Furthermore, antibodies probably will not be labelled with only one 
radionuclide. Instead a mixture of radionuclides with different properties 
can be used so that both the larger primary tumour and micrometastic 
disease can be targeted by antibodies labelled with radionuclides with 
appropriate characteristics for efficient tumour eradication. Combining 
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radioimmunotherapy with radiotherapy or chemotherapy might prove to be 
essential for complete eradication of the tumour and as we show in this 
thesis, it is important to establish the useful time frames available for 
treatment.   
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CONCLUSIONS 
 
• Treatment of malignant tumors by delivering radiotherapy 

prior to radioimmunotherapy is a new approach to improve 
antibody accretion within the tumor and to improve the 
therapeutic response for HeLa Hep2 tumours at experimental 
conditions. 

  
• Dramatic changes in tumour morphology were observed, with 

significantly reduced cell density and appearance of necrotic 
regions, as well as an increase of connective tissue, cysts and 
giant cells. 

 
• These giant cells displayed heterogeneity in cytoplasmic and 

nuclear size and shape, with some cells staining positive for 
apoptotic markers. 

 
• In vitro studies on HeLa Hep2 cells showed that ionizing 

radiation induced a transient G2/M arrest, followed by 
hyperamplification of the number of centrosomes, 
disturbances of the mitosis and induction of subsequent 
mitotic catastrophes and delayed apoptosis.  

 
• This delayed apoptosis-like cell death was induced following 

absorbed doses and dose rates similar to those obtained by 
radioimmunotherapy 

 
• Caspases belonging to both the intrinsic and the extrinsic 

apoptotic pathways were activated and caspase-2 was found 
to be important for this delayed apoptosis. 
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