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ABSTRACT

Radiotherapy is a widely used method to treat malignant tumors. However, the
sensitivity to the treatment varies between tumors, and local tumor control is not always
achieved. The balance between treatment success and the side effects of the treatment
affords important information for developing treatment schedules at patient population
level. Conversely there are no methods to tailor treatment schedules in an individual
patient in clinical practice. The purpose of such methods would be to better balance
treatment success with side effects in the individual, hopefully avoiding unnecessary
treatments. As some tumors are resistant to radiotherapy doses that may be delivered
without severe side effects, finding methods to sensitize tumor cells is of major
importance.

In Paper | we evaluated a radiobiology model for predicting surviving fraction (SF) in
five lung cancer cell lines. The purpose was to see whether it was important to include
tumor cell proliferation during fractionated radiotherapy in a predicting radiobiology
formula based on radiosensitivity, proliferation and number of tumor cells. When the
clonogenic assay is used to establish SF, including proliferation seems to predict SF
after fractionated radiation better than using inherent radiosensitivity alone.

In Paper 11 we evaluated the same radiobiology model in a clinical material of head
and neck carcinomas. In 18 patients we compared using patient-specific radiobiological
parameters with using population averages. Sensitivity in predicting local recurrence
and predictive values were both better with individual parameters than with population
averages. The accuracy of calculated probability of local control with the patient-
specific-parameter model reached borderline statistical significance (p = 0.07).

In Paper 111 we investigated the entire material of head and neck carcinoma patients,
including those receiving brachytherapy using a tumor control probability (TCP) model
based on biologically effective dose (BED). Again we compared patient-specific
radiobiological parameters with population averages to calculate individual TCPs.
Evaluating the method using an ROC curve demonstrated a statistically significant
difference in discriminating between local control or not when using patient specific
parameters. This difference was not seen with population averages.

In Paper 1V, the role of a phosphine gold(l) compound in altering radioresistance in a
radioresistant human lung cancer cell line U1810 was investigated. This effect is
achieved by shifting the intracellular redox balance by inhibiting TrxR. After a single
fraction of clinically relevant radiation doses, a clear radio-sensitizing effect on SF and
repopulation was demonstrated. Gene expression analysis demonstrated genetic
expression changes in related cellular pathways connected to DNA repair, cellular
response to stress, and cell cycle.
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1 INTRODUCTION

Radiotherapy has been a successful way of treating cancer for the past 100 years. The
development of different treatment schedules was driven by clinical experience
regarding side effects of the delivered treatment. A major concern when treating a
patient is the balance between getting enough dose to the tumor to eradicate all tumor

cells but at the same time sparing enough normal tissue cells to preserve functions.

1.1 CLINICAL RADIOTHERAPY

Radiotherapy is used in several different cancers as a curative treatment option. It is
used in carcinomas of different origins such as carcinoma of the head and neck, lung
cancers and prostate carcinomas (1-4). Clearly, the surrounding tissues differ in
structure and function, and knowledge of potential side effects after delivered treatment
is essential. This is crucial in determining the total dose that may be delivered in the

“target” representing tumor and areas with suspected tumor spread.

The importance of inherent radiosensitivity was proposed by Fertil and Malaise in the
early 1980s (5, 6). Tumor cells show a great difference in sensitivity to radiation. This
is true for tumor cells of different origin but cancers with the same histology also show
a wide range in their sensitivity to radiotherapy (7-10). Thus a sufficient dose to treat a
certain type of cancer will be difficult to find as it varies between individuals with that
cancer. Currant treatment schedules are adjusted to deliver a maximal dose based on
previous experiences while avoiding long-term side effects in normal tissues in the vast
majority of patients. This means that any given treatment results in a known risk of side
effects (usually fewer than five per cent serious long-term complications) and a known
chance of treatment success in a group of patients. However for an individual patient
the dose to achieve treatment success is not known. A lower total radiation dose might
be sufficient to eradicate all cancer cells with less risk of side effects in one patient as
opposed to the entire patient population. Correspondingly in another patient there is no
chance of a cure with the pre-specified radiotherapy dose but the same risk of side

effects.



It would obviously be a great advantage for many patients if it was possible to predict
outcome in terms of local tumor control after delivery of a specified radiation dose, or
to predict the dose required for treatment success. Another valuable tool would be a
means to sensitize tumor cells to ionizing radiotherapy while leaving normal tissue
unaffected i.e. widening the therapeutic window for radiotherapy, balancing between
treatment success and side effects.

The radiosensitivity of tumor cells is controlled by different mechanisms. Inherent
radiosensitivity refers to how well a cell can defend itself against radiation damage.
Proliferation allows the tumor to grow between and during the treatment. Oxygen
tension has a direct impact on radiation effect, with hypoxia and anoxia making the
cells up to three times more resistant to ionizing radiation (11). Another factor of
demonstrated clinical importance is the size of the tumor, with the trivial explanation

that more tumor cells need more treatment (12).

1.2 IONIZING RADIATION

Radiotherapy consists of depositing ionizing radiation in pre-specified regions in the
body. Radiation is mostly produced in and delivered by linear accelerators where
electrons are accelerated by microwaves and either delivered for treatment or

transformed into photons before hitting the target tissue.

lonizing radiation results in the ejection of electrons that in their turn damage molecules
of different origins. This results in an ionizing cluster that when close to the DNA
produces damage in the structure of the double helix that is difficult for the cell to
handle. This can be expressed as double strand breaks (DSB) in the DNA molecule
(13). The depletion into the cell of high energy that reacts with water consequently
forms reactive oxygen species (ROS) (13, 14). The production of these free radicals
that interact with oxygen and fixes damage to the DNA can be said to be the ultimate
goal in radiotherapy. In addition to DSB, ionizing radiation results in single strand
breaks (SSB). These, however are normally easier for the cell to repair as the unharmed
strand of the DNA can serve as a template. A radiation dose of 1 Gy is believed to
result in 20-40 DSB (15). Several defense mechanisms have developed to evade
mutations with their possible detrimental consequences and consequently DNA damage

to a cell can result in; repair, cell cycle arrest, senescence or cell death.



1.2.1 Repair

A delicate system of sensor proteins and enzymes is constantly checking the DNA for
damage in order to initiate repair if needed (16). One repair pathway for DSB is
homologous repair. This uses DNA from the opposite chromosome as a template for
an exact repair (17). However, this is time-consuming and the cell needs to be in a
cell cycle phase where the opposite DNA strand is available. Non-homologous end-
joining repair, using recombination, is faster but not exact and can result in mismatch
repair, deletion or insertion; but allows the cell to survive (18). As an illustration
ataxia telangiectasia mutated protein (ATM) is a part of the sensor system of DSBs
together with several other proteins. ATM phosphorylates a protein, histone H2AX,
which is then essential for recruiting other proteins necessary for DNA damage
response (DDR) (19). Histones are important in packing the DNA and are proteins
closely related to the DNA (20). Mutation of ATM as in ataxia telangiectasia
normally results in enhanced radiosensitivity caused by the defect in detecting DSBs
and consequently poor DDR. The MRN complex is another important protein
complex taking part in sensing DNA damage together with ATM. It can interact
directly with the damaged DNA and a dysfunctional or lacking MRN complex results
in enhanced radiosensitivity in the same way as a defect in ATM does (18).
Numerous proteins are consequently activated in response to radiation-induced DSBs

and it is thought that ATM is the major protein transmitting these signals (21).

1.2.2 Cell cycle arrest

Activation of cell cycle checkpoints is an important part of DDR and delays the
movement of cells through the G1, S and G2 phases (22). This gives the cell more
time to initiate repair or decide whether the damage is so severe that it is inconsistent
with survival. Inhibition of cyclin-dependent kinases (CDKSs), proteins that make the
cell move through the cell cycle, is essential for this to occur. This is controlled by
phosphorylation or dephosphorylation depending on the CDK (23). As a result of this
inhibition, transcription of genes essential for initiating DNA replication and
movement through the cell cycle is stopped. ATM also plays a role in this process by
inducing among others p53 or Chk 1/2 which play important roles in inhibiting these
CDKs (24, 25).



1.2.3 Senescence

Senescence signifies that the cell irreversibly stops to proliferate although it maintains
its metabolic biological functions intact (26). A senescent cancer cell is no longer
harmful as long as it does not start to proliferate again and it will eventually die for
one reason or another. Severe damage to the DNA, especially DSBs, promotes
damage-initiated senescence. This stress-induced senescence does not involve
shortening of telomeres as in replicative senescence (27). The induction of stress-
induced senescence is not fully understood but CDK inhibitors plays a role, and p53
seems to be important in initiating senescence in response to ionizing radiation. As a
result the cells enter a sort of permanent cell cycle arrest where chromatin changes
and gene silencing might be present (28).

1.2.4 Cell death

Apoptosis is an active process characterized by specific morphological changes:
programmed cell death. Enzymatic reactions result in DNA fragmentation, chromatin
condensation and finally the cell breaks up into apoptotic bodies (29). Conditions inside
the cell as well as external signals reflecting conditions outside the cell can initiate
enzyme reactions and lead to apoptosis. Several enzymes are activated as a result of
radiation and ultimately the balance of these enzymes controls the cell’s fate (30). If
there is enough damage to the DNA the systems might act in favor of cell death instead
of attempting repair. Activation of p53 by ATM results in induction of BAX, a pro-
apoptotic protein that causes release of cytochrome ¢ from mitochondria. Consequently
activation of a protease, caspase 9, leads to cleaving of cell target proteins. Apoptosis
induced by caspase 9 in response to internal cellular damage is described as the

intrinsic pathway (31).

Autophagy is a well-controlled cellular process. It is initiated by the formation of
autophagosomes containing different intracellular cytoplasmic constituents and their
fusion with lysosomes resulting in degradation of the content (32). The process is
activated by the inhibition of the mammalian target of rapamycin (MTOR) and can be
initiated with rapamycin which inhibits mTOR (33, 34).

Necrosis has been considered as an uncontrollable and accidental form of cell death

caused by release of lysosomal degradative enzymes that attack the cell, leading to cell



lysis. Evidence, however, suggests that necrosis can be tightly regulated and follow
oxidative stress and ROS generation in a cell (35).

1.2.4.1 Mitotic cell death

The major mechanism causing a clonogenic cell in a solid tumor to die after ionizing
radiation is probably what is termed mitotic cell death (36). A tumor cell might
continue to proliferate and go through several cell cycles after radiation before dying as
a result of the radiation damage. Due to structural damage of the DNA resulting in
mutation and chromosomal aberrations, the cell has lost its clonogenic ability. This loss
is the result of repair processes that are unfaithful to the genetic information and
consequently not functional or in agreement with cell survival. The final process,
mitotic catastrophe, is caused by the incapacity of the cell to complete mitosis
successfully (37). The cell may subsequently die from various forms of programmed

cell death such as apoptosis, autophagy or necrosis (38).

1.2.4.2 Surviving fraction after ionizing radiation

The surviving fraction after ionizing radiation can be expressed as the fraction of
clonogenic cells surviving a radiation dose. There is a random nature in cell survival
after radiotherapy. In brief, a hundred lethal lesions distributed randomly to a hundred
sensitive cells will not kill all cells. Some will get more than one lethal hit but cannot
become “more dead” as a result, while others get no hit at all and will consequently
survive (39). As a fraction of cells will survive after radiation their number is directly
related to the initial number of cells (12). This emphasizes the importance of tumor size
for tumor cell survival after radiotherapy. While tumor size does affect outcome after
radiotherapy, it is not alone as good an indicator of treatment outcome as might be
expected (40, 41). The survival of cells after radiotherapy is, in addition, affected by
factors such as DNA damage-response mechanisms, scavenging of free radicals and the
cell environment i.e. oxygen tension. These factors differ between tumors and affect

cellular radiosensitivity.
1.3 FRACTIONATED RADIOTHERAPY
A course of radiotherapy is as a rule delivered as a number of smaller fractions. This is

done primarily to spare the normal tissues as much as possible from side effects: the

basis for this will be presented later. However, this practice was developed empirically



when radiotherapy was first introduced as a treatment modality and it was soon
discovered that fractionation gave an advantageous balance between treatment effect in
the tumor and side effects in normal tissue (42). Cell survival after fractionated
radiotherapy is affected by the four “Rs” of dose fractionation as introduced by
Withers: repair of sublethal damage, repopulation, redistribution through the cell
division cycle and reoxygenation (43). A fifth factor, inherent radiosensitivity, has been
proposed as an explanation of different tolerance to fractionated radiation in different
tissues (44).

1.3.1 Repair and redistribution

The ability to detect damage to DNA is essential for normal cell development and cell
survival. As DNA double-strand breaks are thought to be the major cause of cell
sensitivity to radiation the number of unrepaired DSB after radiotherapy correlates with
cell survival (45). The capacity to repair damage to the DNA thus affects
radiosensitivity and varies between cells. This is evident in patients with mutation in
repair enzymes such as the ATM protein as described above, which results in an
extraordinary radiosensitivity with a high fraction of cell kill due to impaired detection
of DNA damage and repair. The response to damage is crucial for whether the cell is to
continue to cycle and proliferate, or die. The “quality” of repair is also important in the
context that DNA must be functional after repair or the ability of the cell to continue to
divide is lost and it will eventually die. This highlights the importance of cellular
systems both detecting damage and then initiating a repair that is correct. The balance
in these systems is also important. The detection of DSB by ATM can initiate repair
mechanisms but also the activation of the tumor suppressor gene p53 (46). The p53
protein plays an important role in controlling cycle arrest and also acts as a
proapoptotic enzyme that by stimulating caspase activity leads to cell death by
apoptosis (24, 31). The repair of DSB in the DNA is either by homologous repair where
the corresponding unharmed DNA on the other sister chromosome is used as a
template for the damaged base pairs, resulting in a perfect repair. The alternative is
non-homologous end joining repair in which the DNA strings are mended disregarding
missing base pairs in the process (47). As a consequence genetic information might be
lost or risk misinterpretation (48). Repair of the DNA that is not functional (or if there
IS no repair), such as certain rearrangements or DNA breaks, can lead to mitotic

catastrophe which in turn leads to cell death (see mitotic cell death above).



Progression through the cell cycle is also important when considering radiosensitivity.
Cells show great difference in radiosensitivity in different cell-cycle phases, being
sensitive in G2-M and resistant in late S-phase (49). One possible explanation of this
resistance in the S-phase is that the other chromosome is opened and readily accessible
for homologous repair of DSB. After being irradiated, surviving cells are in general in
more radioresistant cell-cycle phases and radiosensitivity depends on how the cells
progress to more sensitive phases. As mentioned above inhibition of CDKs after
radiotherapy is important for the cell to stop cycling and consequently remain in these
radioresistant phases (24). The potential impact on radiosensitivity of cell-cycle arrest
in more resistant cell-cycle phases after radiation can be hypothesized (50).

1.3.2 Proliferation

Tumor cells divide and proliferate in an uncontrolled manner. When most apparent,
tumor growth can be observed in the clinic during a course of radiotherapy (51). The
consequence for the patient is obviously severe, with symptoms of tumor progression in
addition to side effects of the treatment. This is fortunately uncommon, although
continued proliferation during radiotherapy is a clinical problem (52-54). A protracted
treatment requires an increased total radiation dose for the same chance of local control
as with the original treatment schedule. Withers et al. have proposed a model where an
accelerated proliferation kicks in after a lag period of about four weeks without
clinically significant tumor growth (54). However, the basis for this assumption has
been questioned. Dubben has in the same material shown a lack of a dose-response
relationship between tumor control rate and normalized total dose in 2 Gy fractions
(55). This indicates that the time effect observed could be related to an equivalent
radiation dose i.e. longer treatment schedules deliver higher radiation doses. Bentzen et
al. drew yet other conclusions, again studying the same material. They assumed a much
shorter lag period, if any, before onset of proliferation or alternatively continuous
tumor-cell proliferation with a cell-doubling time of little less than a week (56). Even
so, in most relevant clinical radiation schedules proliferation must be accounted for. In
the majority of recent papers a delay of three weeks after beginning radiotherapy is
often applied before repopulation is considered to begin (57). This limit can be viewed
as arbitrary since even if there is a lag period with no proliferation this will probably
vary considerably between individuals. The question whether there is a lag period after

initiation of radiotherapy before repopulation begins at a certain rate or whether



proliferation at a lower rate exists throughout treatment has, moreover, not been

answered.

Tumor proliferation can be measured in many ways. Tpot describes the potential
doubling time in a tumor with no cell loss during tumor growth (58). Cell loss during
tumor growth is normally caused by diverse factors such as lack of nutrition or oxygen.
In clinical materials Tpot has not been proved sufficiently robust to demonstrate a
relationship between tumor proliferation and local control after radiotherapy. However,
a feasible relationship between highly proliferative tumors expressing an elevated
labeling index (LI) and impaired local control has been shown (59). The labeling index
represents the mitotic activity in a tissue representing cells in S-phase in relation to the
total number of cells (60). Nevertheless Tpot has been considered a better predictor of
tumor regeneration than measured tumor growth before radiation. Assuming that cell
kill during a course of radiotherapy is caused mainly by radiation damage, and not
hypoxia or lack of nutrition, it can be thought that tumor cell repopulation moves
towards Tpot. However it has also been suggested that tumors as well as normal tissue
can sense damage and initiate accelerated proliferation as a response to this (61).The
importance of proliferation is further demonstrated by the potentiating effect of
chemotherapy concomitant with radiotherapy. This additive effect can at least partly be

attributed to slower proliferation due to the cytotoxic drug (62).

1.3.3 Hypoxia

Hypoxic cells are more radioresistant than well-oxygenated cells. This has been
demonstrated in vitro by irradiating tumor cells during both well-oxygenated and
hypoxic conditions (63, 64). lonizing radiation readily reacts with intracellular water
and in the presence of oxygen creates hydroxyl radicals that in turn damage the DNA
and are also able to fixate DNA damage (14, 65). During hypoxic conditions this
damage is more likely to be repaired instead. Hydroxyl radicals also react with other
molecules in the cell. All these created free radical species have longer half-lives during
hypoxic conditions and can react with hydrogen as an alternative to oxygen to restore
their structure and form water molecules instead of secondary peroxy radicals (60).
Hypoxia in tumors before radiotherapy correlates with a worse prognosis (66, 67).
However hypoxia in tumors before surgery has also demonstrated similar results,
correlating with poorer prognosis (68). From these results it is clear that hypoxia itself

is a bad prognostic factor and has also been related to the tumor’s metastatic capacity.



The reason for this might be selection of tumor cells that support hypoxic conditions
better and become resistant to hypoxia-induced apoptosis, for example by mutation of
p53 (69). The cells adapt to the hypoxic condition and can stimulate angioneogenesis.
Hypoxia has also been claimed to change DNA repair towards a more pronounced
malignancy grade with suppressed expression of several DNA repair genes resulting in
genomic instability (70).

The effect of radiation thus depends on the oxygen tension in the tumor. The oxygen
enhancement ratio is the factor by which tumors respond better to radiation in oxic than
hypoxic environments. This ratio has traditionally been set to between two and three
(71). However most experiments have been performed with large radiation doses and
the enhancement ratio is probably less significant in the dose range used in the clinic
for most fractionated regimens (72, 73). In hypofractionated treatment regimens there
could theoretically be a significant clinical problem due to the larger radiation doses
usually delivered. Experience of stereotactic radiotherapy has nonetheless shown very
promising results not indicating a serious problem potentially caused by hypoxia (74,
75). The use of a hypoxic radiosensitizer in combination with primary radiotherapy for
carcinoma of the head and neck has, however, showed improved loco-regional control
indicating an hypoxic effect in conventional radiotherapy treatment situations (76).
Reoxygenation is a continuous process in tumors during fractionated radiotherapy. This
is to some extent due to tumor shrinkage getting the remaining tumor cells closer to
intra tumoral blood vessels. These blood vessels are, however, often of poorer quality
resulting at times in impaired blood perfusion and thereby causing acute hypoxia in
tumors (77). The nature of temporary hypoxia in tumors has been demonstrated in
several studies (78-80), indicating that most tumor cells are oxic at least in periods
during a course of radiotherapy. The clinical impact of hypoxia on tumors during
fractionated radiotherapy is therefore difficult to assess, and oxygenation will most
likely vary during radiotherapy in most tumor cells. It is clear that hypoxia influences
radiosensitivity but the effect of reoxygenation most likely reduces this effect in

fractionated radiotherapy and the net effect might be fairly limited (81).

14 OXIDATION REDUCTION (REDOX) SIGNALING

Interaction between cellular proteins and DNA is an important mechanism in the cell,

controlling functions such as transcription, repair and replication (82). This interaction



regulates gene expression, which in turn controls cell metabolism including cell growth
and cell survival. The possibility of interaction between a protein and its target, for
example the DNA binding site, depends on the protein structure and its three-
dimensional shape (83). This is controlled by post-translational mechanisms such as
phosphorylation and methylation. In addition oxidation reduction (redox) of proteins
plays a major role in controlling protein function (84). Redox-regulated proteins can
sense changes in the oxidation-reduction balance in different ways; one common one
being through a reactive cystein residue with a thiol-coordinated zinc site within the
protein (85). The agent responsible for the changes in redox balance is reactive oxygen
species (ROS), produced both within and outside the cell. As these ROS can be
hazardous for the cell in high concentrations - although essential for cellular
metabolism at physiological levels - the cell has systems for both production and
elimination of ROS (86).

1.4.1 Thioredoxin-thioredoxin reductase

Thioredoxin (Trx), a small protein, contains a dithiol group which is reduced from
disulfide in the oxidized state by thioredoxin reductase (TrxR), another small
selenoprotein (87, 88). Trx has several important biological functions in its reduced
state. Transcription factors such as p53 and activator protein 1 (AP-1) interact with Trx
in the nucleus to enable their interaction with DNA (89). A binding between reduced
Trx and apoptosis-signal-regulating kinase 1 (ASK-1) prevents downward signaling for
apoptosis (90). Another important function is as an antioxidant keeping the intracellular
environment reduced by acting as a scavenger for ROS. Trx is a hydrogen donor to
ribonucleotide reductase, which highlights its importance in the construction of new
DNA and involvement in repair processes. TrxR reduces oxidized Trx in a NADPH-
dependent process and is therefore essential for a functional Trx - TrxR system (87).
Several gold compounds such as auranofin, a clinically used anti-rheumatic drug, are

both selective and effective inhibitors of TrxR and consequently also Trx (91, 92).

1.4.2 Thioredoxin and radiation

Activation of intracellular thiols such as glutathione and Trx by oxidative stress and
irradiation affects radiosensitivity (93, 94). Trx is over-expressed in several types of
cancers (95), and low levels of ROS have been demonstrated in cancer stem cells and
correlate with increased resistance to radiation (96). One relevant function in response

to ionizing radiation is to act as a scavenger and reduce oxidized molecules (97) that

10



otherwise might interact with and damage DNA by causing and fixating strand breaks.
Oxidative stress which leads to depletion of reduced Trx can result in apoptosis
triggered by the higher levels of free ASK-1 then unbound by Trx. Depleted levels of
cellular thiols have been associated with increased radiation-induced apoptosis (98)
while increased levels of Trx have been associated with increased radioresistance in a
malignancy-induced human cell line (99). As mentioned above, Trx plays a role in
stimulating the DNA-binding activity of several transcription factors important in
conditions of cellular stress. A role has also been demonstrated for Trx in reducing and
thereby activating the Apel/Refl complex that plays a central role in base excision
repair (100, 101). Finally, Trx acts as a hydrogen donor to ribonucleotide reductase,
emphasizing its role in DNA construction and repair (87).

1.5 MODELING IN RADIATION

In contrast to great improvements of the technical aspects of delivering radiotherapy
during the past ten years, no improvement in biological optimization has been achieved.
Modeling radiotherapy would be a helpful tool in tailoring individual treatment or
deciding whether a person would benefit from a prescribed treatment schedule (102).
However, no mathematical model to predict treatment outcome after radiotherapy has
been validated so far. For this, several obstacles remain. First what radiobiological
parameters are required in a mathematical model has to be verified. Inherent
radiosensitivity, tumor-cell proliferation and tumor oxygen tension are considered to be
the most important parameters and are therefore the most studied. Inherent
radiosensitivity measured as surviving fraction after 2 Gy (SF2) correlates with local
control after radiotherapy (103, 104). On the other hand measurements of proliferation
using Tpot have demonstrated conflicting results and have not been shown to correlate
with clinical outcome; nor have other parameters that measure proliferation come into
clinical use (59). A factor in the tumor micromilieu, oxygen tension specifically affects
clinical outcome when measured before treatment (67). However, this factor also varies
considerably during a course of radiotherapy (105-107). Gene expression analysis
might offer yet other ways to consider radiosensitivity (108) as well as analysis of DNA
end-binding complex density (109), although no recent papers on these subjects

showing clinically applicable results have been presented (110).
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Numerous models have been presented over the years in attempts to predict clinical
outcome after radiotherapy (111-113). The maybe most widespread model, the LQ
formula, is a mathematical adaptation to fit cell-survival curves after radiation with
different doses and fractionations. This model has been adapted in many ways (102).
The radiobiological parameters used in such models are normally population averages
derived from interpreting local control data from clinical studies. In other words the
radiobiological tumor characteristics assumed are based on tumor control data and
fitted to the different parameters used in the specific model. The usefulness of any of
these models in the clinic to guide what treatment schedule to use in an individual
patient seems very distant, even though some guidance on the population level in
developing radiation schedules for a certain tumor type might be appropriate.

A predictive model that considers individually measured radiobiological data is
therefore warranted. This would probably consider several of the radiobiological
parameters mentioned above. One factor that has to be considered is the reliability of
such measurements in vivo. Still, this has to be evaluated in prospective clinical trials.
Another and equally important issue is the feasibility of such measurements and further
development of easy, and fast methods to acquire individual tumor-specific
radiobiological information is essential. Despite these initial remarks mathematical
models are in wide clinical use in modern radiotherapy. They have important roles in
comparing different dose schedules and in deciding continued treatment after an
unexpected treatment pause, to name a few examples. However a prospective model to

decide the best treatment schedule for an individual patient is yet to be developed (114).

1.5.1 Arradiobiology model

For many physicians a model based on radiobiological parameters reflecting actual
tumor-biological features would be a simple and intuitive way to predict radiotherapy
outcome. These thoughts were the basis for the following model predicting outcome in

the form of surviving cells after fractionated radiotherapy as presented by Brodin (115):

CN:CO XSFNXPN_l

Number of surviving cells after N fractions (Cy) is related to the initial number of

tumor cells (Co) by surviving fraction (SF) and proliferation (P):

P = e~ ln2x(t-m)/Td
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The doubling time of the cell population (Td) in relation to the time between fractions
(t) subtracting the mitotic delay (m) affects the proliferation factor. This model is easy
to understand, and the number of surviving cells is an endpoint that is very easy to
relate to in terms of achieving local control or not. The number of tumor cells in a

tumor is thought to be related to its size and therefore easy to appreciate (60).

1.5.2 The multi-target model

The multi-target model describes an initial slope of the survival curve (D;) caused by
single-hit cell kill, and a final slope (Do) due to multiple-event cell killing. In this model
an extrapolation number (n) represents the number of sensitive targets in a cell. This
model previously dominated in describing cell survival curves after radiotherapy. Dy
represents the dose that reduces cell survival from 1 to 0.37 (or ™), and this term is still
widely used to describe a radiation dose that reduces cell survival by one natural
logarithm. The explanation of this is a dose that delivers an average of one lethal hit per
target. This model is not the most used today, maybe because of the difficulty to define
what the radiation target actually consists of and the more complex equation compared
to the LQ model. However it still represents a good fit to expected cell survival after

radiotherapy, especially in very radiosensitive tumors and tissues.

1.5.3 The LQ model
The most commonly used model to describe the shape of the cell survival curve today

is the linear-quadratic (LQ) model:

—In(S) = aD + pD?
SF = e—(aD+ﬂD2)

Cell survival (S) is related to dose with a factor « that expresses a linear relationship
with dose and a factor g that is related to the square of the delivered dose. The result is
a continuously bending response to radiation dose which has proved very useful to
describe response in the clinical relevant dose range (0.5 — 6 Gy). The shape of the
curve is described by o/, where a higher rate gives a more linear curve and a lower a
“curvier”. The model is mathematical to fit the experienced cell survival after radiation
(116). However, biological explanations have been proposed. Curtis introduced the idea

where the linear a component is due to single-hit lethal lesions and the quadratic S
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component depend on repair of sublethal damage that can accumulate to lethal damage
(117). Saturation deficit of repair enzymes at high dose ranges is another possible
explanation (118). At low radiation doses the o effect dominates and is of major
importance when delivering clinically relevant doses of around 2 Gy in fractionated
radiotherapy.

Figure 1. Cell survival curve demonstrating contribution of the linear a-component and quadratic B-
component to the combined cell survival curve. a/B represents the dose where the components
contribute equally to cell kill.
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The o/ value represents the dose where the linear contribution to cell kill expressed as
a equals the quadratic contribution expressed as 5 (Figure 1). Differences in a/ff express
differences in the tumor or tissue response to fractionated radiotherapy (119). A low
o/ signifies less tissue damage if the radiation dose is delivered in several smaller
fractions whereas this difference is less pronounced in tissues or tumors with a high o/
value. This is an advantage in clinical radiotherapy where fractionated radiation spares

normal tissue around a tumor more than the tumor itself i.e. a favorable therapeutic
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ratio. Several studies have defined the value of o/ in different tissues and in tumors. In
general late-reacting tissues have a lower o/ value, in the clinic often set to 3. Highly
proliferative, acutely reacting tissues on the other hand have a high o/f of at least 10,
which is the most common value applied when performing calculations in a clinical
setting (116). Tumors are considered to have o/ values similar to acutely reacting
tissues: however, a wide range has been demonstrated probably due to wide differences
in tumor biology (120). Exceptions are prostate cancer with an o/ of around 3 or even
less (121), while data supports the assumption that carcinoma of the breast has an o/

somewhere between 3 and 10 (122).

1.5.4 Isoeffective dose in fractionated radiotherapy

It has proved very useful to have a model in clinical practice to compare radiation effect
in acute and late-reacting tissues when using different fraction sizes and total dose. This
difference and possible applications with optimization of dose per fraction was
introduced by Thames et al in 1982 (119). A simple isoeffect equation was proposed by
Withers in 1983:

D, di+(a/B)

D, d,+(a/B)

where (D) is total radiation dose in the different treatments schedules, (d) is the dose
per fraction and («/f) defines the reaction of the tissue to radiation (late- versus early-

reacting tissue or tumor) (123).

1.5.5 Biological Effective Dose (BED)

BED is the theoretical total dose to achieve an isoeffective dose in a tissue or tumor
using infinitely small doses per fraction and infinitely numerous fractions (124). It
demonstrates the relationship between the total dose, dose per fraction and tissue

response to radiation:

BED = D[1+d/(a/B)]
where (D) is the total radiation dose, (d) the dose per fraction and (o) defines the
shape of the cell surviving curve to ionizing radiation as described above. The addition

of a time factor completes the BED formula:
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BED = nd[1 + d/(a/B)] —In(2)/a x (T — T)/T,

where (n) is the number of fractions delivered in (T) total time, (Tp) is the cell doubling
time and proliferation start at the time (T) (k of kick-off). The clinical use of this
equation is evident in comparing the effect of a radiotherapy schedule for tissues with
different o/, or estimating what a change in dose per fraction would result in. The
minus sign before the time factor emphasizes the disadvantageous effect of prolonging
a treatment schedule (if T is larger than Ty), reducing the biologically effective dose
according to this model (125). For biologically equivalent doses divide the BED by a
factor in relation to dose and o/f. For equivalent doses in 2 Gy divide BED by 1.67 for
an a/p of 3 (late responding tissues) and by 1.2 for an o/f of 10 (tumors and acutely
responding tissues). This is explained by this part of the equation: 1 + d/(a/p).

1.5.6 TCP according to the Poisson model

The probability of tumor control depends on the number of surviving tumor cells,
clonogens, which sustain the ability to proliferate after radiotherapy (126). This is
useful when considering a group of patients with tumors receiving radiotherapy. The
basis is the random nature of cell killing resulting in different numbers of surviving
clonogens in the different tumors, from zero (cure) and upward (no cure). Cell survival
in a tumor will follow a Poisson distribution after a specified radiation dose i.e. a
sigmoid curve (12). The median number of surviving clonogenic tumor cells gives the

tumor control probability:

TCP = e~N*SF

where (N) is the number of clonogenic cells before radiation and (SF) is the surviving
fraction of cells after radiation. TCP curves for human tumor control are in general
shallow even if tumor size is considered, indicating tumor heterogeneity in sensitivity
to radiotherapy (127).

1.6 BRACHYTHERAPY

No details of brachytherapy are provided here; only a brief summary is presented.

Brachytherpy involves bringing the source of radiation close to the target and using
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radiation with a very short range. This permits the delivery of high radiation doses
while at the same time sparing surrounding normal tissue. Doses can be delivered in a
shorter or a longer time frame. When delivered as low dose rate, i.e. during a longer
time, continuous repair can take place and the tumor survival curve is defined mainly
by a. Therefore when considering brachytherapy delivered at lower dose rates in a

mathematical model the continuous repair has to be accounted for.
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2 AIMS OF THE STUDY

2.1 OVERALL AIM

The overall aim of the work presented in the present thesis was to increase
understanding of the predictive capacity of the individually measured radiobiological
parameters inherent radiosensitivity, proliferation and number of tumor cells on
treatment outcome after radiotherapy. How changing the cellular redox balance affects
inherent radiosensitivity and repopulation after ionizing radiation was also investigated.

2.1.1 Specific aims

Specific aims were

- to evaluate the usefulness of two radiobiological models based on inherent
radiosensitivity, proliferation and the number of tumor cells to predict outcome after

radiation,

- to establish whether individually measured radiobiological parameters are better in

predicting clinical outcome than average population based parameters, and
- to investigate the possibility of affecting inherent radiosensitivity by altering the redox

status in tumor cells using a gold compound, and the corresponding affect on gene

expression.
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3 MATERIAL AND METHODS

3.1 MATERIAL

Established lung cancer cell lines were used in papers | and 1V and previously
published data originating from patients treated for head and neck carcinomas at
Sahlgrenska University Hospital were used in papers 11 and I1I.

3.1.1 Celllines

Five well-characterized human lung cancer cell lines were used in paper I: three small
cell lung cancer cell lines; U-1285, U-1906E, U-1906L, one squamous cell carcinoma
cell line U-1752 and one large cell carcinoma cell line U-1810 (128, 129). All had well-
defined radiobiological characteristics. In paper 1V, U-1810 was used due to its known

radioresistant features and U-1906L was used as a radiosensitive control.

3.1.2 Patient-related data

Previously published data originating from patients treated for carcinoma of the head
and neck at the Oncology Department at Sahlgrenska University Hospital in
Gothenburg was used (130). Tumor material had been collected from numerous
patients and tumor biological characteristics had been investigated. In studies Il and 111
we used data where all the following parameters were known; inherent radiosensitivity
expressed as SF2, tumor proliferation (Tpot), tumor size, external radiation dose and
duration of treatment. In study Il information regarding brachytherapy i.e. dose-rate

and duration, was also used.

3.2 METHODS

3.2.1 Radiosensitivity assays

Clonogenic assay (paper 1)

The clonogenic assay is considered the “gold standard” for characterizing inherent
radiosensitivity. A cell suspension is prepared and plated in a cell culture medium
(131). The cell cultures are then irradiated or kept as control and incubated for a period
of time. The ability to form viable colonies is then investigated. The numbers of

colonies formed, in treated versus untreated plates, are compared and the difference
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will represent the surviving fraction. In this study cells were suspended on agarose

mixed cell-culture medium.

Extrapolation method (papers | and 1V)

An extrapolation method has been proposed as an alternative in cell cultures with low
clonogenic capacities and consequently are unsuited for the clonogenic assay (132).
The extrapolation method explores the cells ability to proliferate after treatment. The
cells, treated or untreated, are kept in cell culture medium for a period of time after
treatment. They are sub-cultivated and the medium changed repeatedly to keep culture
conditions optimal and cells are counted at the same time. The number of cells on each
occasion (corrected for the dilution factor) is plotted on a logarithmic scale and is
finally extrapolated back to the intersection with the y-axis, representing number of
cells at the time of treatment. The difference between treated and untreated cell cultures
represents the “surviving fraction” (Figure 2). For the method to be successful, the
irradiated cells must proliferate at the same rate as the control in the exponential growth
phase and all cell loss must be attributable to the radiation.

3.2.2 Radiation
Radiation was performed using a linear accelerator, a cobalt machine or a Gamacell

Exactor.

Linear accelerator (paper 1)

A linear accelerator produces photon radiation by accelerating electrons and then
causing them to halt abruptly. A bolus is used to get a sufficient dose superficially in a
tissue or, as in the present studies, in the cell suspension. We used 8 or 16 MeV with a
dose rate of 4 Gy/min. Changing the duration of radiation results in different total

radiation doses.

Gamacell exactor (paper 1)
We used a Gamacell 40 Exactor where the radiation was produced by a Cs**’ source.
The dose rate was 1.29 Gy/min in the dose range 0-1 Gy and 1.23 Gy/min for 2 Gy and

above. Varying the duration of radiation results in different radiation doses.
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Figure 2. The growth curve of a cell line after irradiation and the corresponding
extrapolation from the exponential part of the curve.
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Cobalt-60 machine (paper 1V)
Cell lines were irradiated with a machine using an ionizing Cobalt source with a dose

rate of 0.50 — 0.51 Gy/min. The duration of radiation affects the delivered dose.

3.2.3 Laboratory work in paper IV

Inhibition of TrxR

A gold compound [Au(SCN)(PEtsz)] was used and cell lines were incubated with 2.5
1M of the compound 24 hours prior to treatment and kept for 24 hours after treatment.
SiRNA are short double-strand RNAs able to prohibit the expression of a gene and
consequently the corresponding gene product or protein. Suppression of TrxR1 as
described in this paper was achieved by reverse transfection using 10 nm TXNRD1
Silencer® Pre-designed siRNA, 1D:111302 and Silencer® Negative Control SIRNA #1

(Ambion). The transfection reagent used was siPORT™ NeoFX™ (Ambion).
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Measurements of TrxR

The amount of active TrxR was established with insulin as a substrate (133). The
activity of reduced Trx is measured by its ability to reduce protein disulfides in insulin.
An excess of Trx is added and the Trx-dependent formation of SH groups in insulin is
determined by comparison to a standard curve with known concentrations of human

TrxR measured by absorbance at 412 nm.

Real-time gPCR

Reversed transcriptase produces cDNA from mRNA for subsequent use in the PCR. In
paper IV SYBR green was used to detect double-stranded DNA during the
amplification process. SYBR green binds non-specifically to double-stranded DNA and
then emits green light (fluorescence), permitting quantification of amplified DNA. The
number of cycles needed to achieve a specified fluorescence threshold is directly
related to the amount of nucleic acid originally present in the sample. This is because
the more nucleic acid copies originally put in the original sample the fewer cycles are

needed to reach the threshold.

Western Blot

The Western blot method detects protein in cell extracts using protein-specific
antibodies. Western blot was used in paper 1V to detect TrxR. First proteins are
separated according to size using gel electrophoresis. After being transferred to a filter,
antibodies against the protein of interest are probed. Finally a secondary antibody is
added, in this case a HRP-conjugated antibody that is detected using

chemiluminescence.

Cell cycle analysis

Flow cytometry is used to identify cells in different phases of the cell cycle. This is a
method where cells pass a beam of light, usually laser, and detectors pick up scattered
and fluorescent light reflecting both cell volume and cell content. To perform cell-cycle
analysis the cells are made permeable and treated with a fluorescent dye, in paper 1V
propidium iodide. This stains DNA quantitatively and consequently the fluorescence
intensity will correlate to the DNA amount in the cell, which in turn reflects the

different phases of the cell cycle.
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RNA isolation

For RNA isolation, cell solutions are lysed in the presence of a buffer that inactivates
RNases. The total amount of RNA containing 200 bases or more will then bind to a
silica-gel-based membrane and this selectivity enriches the mRNA content since

shorter forms of RNA are excluded.

Gene expression profiling

The microarray technique employs a large set of oligonucleotide probes attached to a
surface, for instance a silicon chip. A sample containing nucleic acid is subsequently
added which results in hybridization between the probe and sample nucleic acid, for
example mRNA (cDNA). Non-specific bonds are washed off. The amount of target-
sample binding will be reflected by fluorescence. This allows a gene expression
analysis of the sample to be made. Due to the large amount of data produced by
microarrays it is important to manage it in a correct way. Background noise has to be
accounted for and the data is normalized to minimize statistical errors. In study 1V the
Affymetrix GeneChip scanner (Santa Clara, Ca, USA) was used to measure changes in
gene expression in cell lines U-1810 and 1906L after radiation and exposure to the gold
compound[Au(SCN)(PEts)]. The data so produced was processed with an Affymetrix

expression console.

3.2.4 Radiobiological models
In papers | and 11 a model including inherent radiosensitivity, proliferation and tumor

size was used, see radiobiology model above:

CN = CO XSFN XPN_l
where Cy is the number of cells after N irradiation treatments, Co equals the original
number of cells immediately before first treatment, SF is the surviving fraction of cells

for each dose and cell line and P is the proliferation factor describing exponential
growth:

P = eln 2(t-m)/Td
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where t is the time interval between fractions, m is the mitotic delay set to 1.5 h/Gy and
Td is the doubling time of the cell population. This might imply the potential doubling
time if all cell kill is afforded by irradiation.

In study Il the Poisson model was used to calculate tumor control probability (TCP)
after radiotherapy according to the following equation:

TCP = e CN

In study I11 the biologically effective dose (BED) was calculated using the following
equation for external beam radiotherapy:

d
BED EBRT = nd [14‘ wj

where n is the number of fractions, d the dose per fraction and «/f defines the shape of
the cell surviving curve. For Brachytherapy the following equation was used to
calculate BED:

BED,, = D{1+ %{1—%(1—6‘” )}}

where D is the total radiation dose, T is the total treatment time and [ represents the

repair coefficient of sub-lethal damage during brachytherapy.

Most patients received combined therapy and the total BED was calculated after

possible proliferation had been subtracted according to the following equation:

BED

tot

IN(2) T, =T,
— BED. — treat k
Zi: '« T

p

where Ty IS the overall treatment time, Ty is the lag time for the onset of proliferation,

Tp is the effective doubling time during proliferation and « is the linear parameter of the
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LQ model. Note that no correction for proliferation is needed if the overall treatment
time is shorter than Ty.

In study I11 the Poisson-LQ model was used to calculate the TCP according to the

following equation:

2
TCP = exp{— N, -exp{—a- EQD, -[1+ Fﬁﬂ}

where Ny is the initial number of clonogenic cells in the tumor. The EQDs is the
equivalent dose in 2 Gy per fraction of the total biological effective dose received by
the patient and calculated as follows:

BED

tot

1+i

al p

EQD, =

3.2.5 Statistical methods

The following well-established statistical methods were applied accordingly: Student’s
t test, the Chi-square test, the Mann-Whitney U test and Wilcoxon’s matched pairs test.
They are referred to in THE respective paper. Statistical analysis of microarray data
were analyzed according to protocol using Student’s t test for gene expression levels
and Pearson correlation for relationship between each treatment category and are

presented in study IV.

Receiver operating characteristic (ROC) analysis was used in study I11. ROC curves
may be used to present the sensitivity of the test versus its false-positive rate. ROC
analysis determines how well a system (or method) can answer a question and
distinguish a difference in a studied object or population (134, 135). The area under
the curve represents the accuracy of the test, the greater the area the better the result.
In general, a straight line where the area under the curve equals 0.5 represents a
worthless test and an area over 0.9 an excellent test. Comparing two methods, the
method with a better true positive fraction for the same true negative would be

considered better. An optimal test and cutoff value with 100% sensitivity and 100%
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specificity would thus be plotted in the upper left corner (sensitivity = 1 and 1-
specificity = 0) (Figure 3).

Figure 3. Examples of ROC curves, for details see text.
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4 RESULTS AND DISCUSSION

41 STUDY I

The usefulness of radiobiological parameters in predicting clinical outcome after
radiotherapy has not been fully clarified. Study | sought to evaluate a radiobiological
model by comparing predicted and experimentally found effects of incorporating
proliferation with inherent radiosensitivity in five tumor cell lines to see whether this

resulted in better accuracy in predicting radiation responsiveness.

Radiosensitivity after fractionated radiation differed in the five investigated human
tumor cell lines, the most sensitive cell line showing a greater response to fractionated
radiation than the more radioresistant cell lines. The latter were comparatively more
sensitive to hypofractionation. In the three cell lines where SF was evaluated with the
clonogenic assay, adding proliferation to single-dose SF seemed to get a prediction of
SF after fractionated radiation that came closer to the experimentally achieved
“fractionated” SF. This was not seen in the two cell lines where SF was measured with
the extrapolation method. Interestingly in these two cell lines, prediction of SF and the
experimentally measured SF after fractionated radiation were very similar in each
fractionation regime whether proliferation was added to single dose SF or not. The
methodology of the extrapolation method permitted establishment of the observed
doubling time of the two cell lines. This clearly showed that proliferation took place
during and after fractionated radiation: it even accelerated as the measured doubling
time was reduced after the first two weeks. Our conclusion is that the extrapolation
method was not useful in this experiment. There might be several reasons for this. As
mentioned above cell kill must be caused by the irradiation for the method to be
reliable. In this experiment with repeated radiation sessions and frequent sub-
cultivations this might not be the case. This may also have affected the cell doubling
time after radiation. We did observe a difference in the changes of the cell doubling
time after radiation in the two cell lines compared to control. This implies that the
proliferation rate in the exponential part of the cell growth curve may have differed

between cell lines and control, making the experiment difficult to interpret.
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The extrapolation method and clonogenic assay have previously been compared in
achieving SF after a single dose of radiation. No major difference was found (128). It
might be hypothesized that the risk of introducing other causes of cell loss and the
proliferation effect is minor in relation to a single fraction; but when multiplied as is the
case in fractionated treatment schedules, the effect gets more pronounced. This model
for predicting radiosensitivity after fractionated radiation using the number of tumor
cells and earlier established SF, and including Tpot, seemed to give a better prediction
in three cell lines than the exclusion of proliferation did. In two of the cell lines the
effect of proliferation was difficult to evaluate. No lag time before onset of proliferation
after first radiation was observed in these cell lines. These results suggest that it is
important to include proliferation in calculation of SF after fractionated radiation when
using the clonogenic assay to establish SF.

42 STUDY I

The main objective of study Il was to assess the usefulness of the radiobiological
parameters inherent radiosensitivity, proliferation and number of tumor cells on
treatment outcome after radiotherapy. A material of head and neck carcinomas was
used. The hypothesis was that individually measured parameters are better for

predicting treatment outcome than population averages are.

As stated previously, inherent radiosensitivity expressed as SF, measured with the
clonogenic assay, correlates with local control (103, 104). However not all studies have
found the same correlation although they used smaller patient material (136, 137).
Proliferation has not been firmly demonstrated as an independent prognostic marker of
treatment outcome (59). The combination of these two parameters, inherent
radiosensitivity and proliferation, was evaluated in study Il in a simple equation
together with tumor size translated into number of tumor cells. To assess the robustness
of individually measured radiobiological parameters, these were tested against
population-derived averages. In the available material we evaluated 18 of 46 patients
with individual radiobiological parameters measured. These 18 patients remained for an
extensive analysis after we decided to exclude patients who had received brachytherapy
since the effect of this treatment was not accounted for in the equation we used. The

model’s ability to predict treatment outcome after radiotherapy in this material of head
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and neck carcinoma patients reached borderline significance (p=0.073), using patient-
specific parameters even though only 18 patients remained in the final analysis.

Both sensitivity and negative predictive value were better (75% versus 38% and 100%
versus 67%, respectively) when patient-specific parameters were used. Note that the
predictive values in this study concern local recurrence. Considering, instead, local
control with a predictive cutoff value of 95% (the same as in study Il1) gives a
sensitivity of 40% for both individual and average data. However, both specificity and
positive predictive value are 100% for patient-specific parameters versus 75% and
57%, respectively, for population averages. An ROC analysis to compare population
based versus individually derived radiobiological parameters shows a slightly better
result using individually measured parameters with AUC = 0.7 versus AUC = 0.6 for
population-derived parameters in this small patient material.

The reliability of individually measured radiobiological parameters must be addressed.
Heterogeneity within a tumor is to be expected and can possibly affect the robustness of
measurements and raise questions regarding how to interpret the results (138). Well
established and easy-to-use methodologies are essential if they are to be used in clinical
practice with a high ratio of conclusive results. The inherent radiosensitivity cell-
survival curve of a tissue and the effect after fractionated radiotherapy are reflected in
the LQ formula by the o/p ratio. Higher values are normally seen in tissues with
pronounced early side effects after ionizing radiation, which also demonstrates less
sparing by dose fractionation. This also applies to most carcinomas. We anticipated an
o/ ratio of 15 in the equations in study Il. However this assumption is tentative, albeit
based on the fact that head and neck carcinomas normally have a high o/p ratio (139).
We tested different o/p ratios in the equations (table 1) but this did not have any major
affect on the results. Proliferation was assumed to be equal to Tpot measured before
radiotherapy (59). This implies that all tumor-cell kill was achieved by radiotherapy.
This can be questioned especially in fast-growing and radioresistant tumors. Tumor
cells die from lack of nourishment and oxygen during normal growth conditions. This
prolongs the tumor doubling time, making the clinical doubling time longer than the
potential doubling time. Although it is unlikely that this form of tumor cell death
ceases as soon as antitumoral treatment is given it is reasonable to assume that as
tumors regress during therapy a greater extent of tumor Kill is gradually achieved by the
treatment. How fast this process occurs probably depends on several factors such as

how quickly after radiation the tumor cells die and also the radiosensitivity of the
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tumor. The idea of a lag period before onset of accelerated proliferation in tumor cells
after radiation was not considered in the radiobiology model used (54, 56). Proliferation
was assumed during the entire course of radiotherapy with a tumor cell doubling time
represented by Tpot. This might be a weakness of the present work and most studies
include a lag period when considering proliferation after radiotherapy even if it varies
in time. However no solid data on the precise length of such a lag period before onset
of proliferation can be considered to exist, and this is an area where further research is
warranted. Calculations of TCP using a lag period of three weeks before onset of

proliferation and an a/p of 15 are, however, presented in table I.

Table I. Predicted and actual local control in 18 carcinomas of the head and neck for
different a/B values and depending on whether a lag period before proliferation is
introduced.

Patient Q Q Q Q Q Local
o/B=15 a/B=10 a/B=5 a/B=3 T 22d. Control
2 0 0 0 0 1.00 Yes
11 0 (0] 0 (0] 0 -
13 1.00 1.00 1.00 0.98 1.00 Yes
18 0 0 0 0 0.33 Yes
20 1.00 1.00 1.00 1.00 1.00 Yes
24 0.05 0 0 0 1.00 yes
25 0 0 (0] (0] 0.05 -
29 0 0 0 0 0 Yes
33 0 0 0 0 0 Yes
35 1.00 1.00 1.00 0.54 1.00 Yes
39 0 0 0 0 0 -
42 0 0 0 0 0.98 -
47 0 0 0 0 0.01 -
50 0 0 0 0 0 -
54 0.15 0 0 0 0.54 -
55 0.73 0.35 0 0 0.95 -
56 0.57 0.06 0 0 0.95 Yes
57 1.00 1.00 1.00 1.00 1.00 Yes

Q = Probability of local control where 1 equals 100 %
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A limited clonogeneity of the tumors is not included in the model but all tumor cells
were considered as potentially clonogenic. However, to test the model calculations
were performed considering 10 % of the tumor cells as clonogenic (calculations not
shown). This did not alter the results considerably. As expected, the probability of local
control did increase in the tumors with a probability between 5% and 95% in the
original calculations. Still only one of these patients reached a probability of local
control above 95%.

Another factor of importance for radiation effect is the oxygenation status of the tumor.
It has been demonstrated for head and neck carcinomas that oxygen tension in the
tumor before start of treatment correlates with treatment outcome (67). Whether this is
an effect of enhanced radioresistance or a more aggressive tumor phenotype is not fully
understood. An unfavorable effect of hypoxia on radiation effect after a single fraction
is well established, as presented earlier (11, 140). The oxygen enhancement ratio
(OER) represents the dose difference required to achieve a certain cell kill when
oxygen is introduced to anoxic or hypoxic cells. The effect of hypoxia on fractionated
radiotherapy is more complicated and reoxygenation is an important factor in treatment
outcome (81). To test the supposed impact of hypoxia on the current results we
introduced an imaginary fraction of hypoxic cells (10% or 30%) in the tumors. SF was
then recalculated with an OER of 2 representing the presumed effect of hypoxia in
these cells. The number of surviving cells in the oxic and hypoxic fractions in each
tumor was accounted for and the probability of cure was calculated for each tumor with
10% or 30% of hypoxic cells respectively. The results are presented in table I1. As
shown, even a small fraction of hypoxic cells has theoretically a major impact on
predicted treatment outcome after fractionated radiation, making it very difficult to
accomplish complete tumor cell kill and local control. Clinical experience does not,
however, confirm such an important impact on treatment outcome. Although a certain
oxygen effect might be present even in fractionated radiotherapy, it is probably difficult
to quantify and measure this correctly to fit into an equation. To do so you would
probably require a model that accounts not only for continuous variations in hypoxia

levels but also for how large a volume of the tumor is hypoxic at each fraction.
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Table Il. Probability of local control with different ratios of
tumor hypoxia.

Patient Q,30% Q,10% Q, Oxic Local

hypoxia  hypoxia control

2 0 0 0 Yes
11 0 0 0 -
13 0 0.05 1.00 Yes
18 0 0 0 Yes
20 0.94 1.00 1.00 Yes
24 0 0 0.06 Yes
25 0 0 0 -
29 0 0 0 Yes
33 0 0 0 Yes
35 0 0 1.00 Yes
39 0 0 0 -
42 0 0 0 -
47 0 0 0 -
50 0 0 0 -
54 0 0 0.15 -
55 0 0 0.72 -
56 0 0 0.57 Yes
57 0 0.16 1.00 Yes

Q= Probability of local control where 1 equals 100 %

The results of study Il support the idea that individually measured radiobiology
parameters are robust enough to be used in models to predict treatment outcome after
radiotherapy. Further, individual radiobiological measurements are better than
population-based averages at prediction of treatment outcome after radiotherapy.

Predictive radiotherapy modeling is an area well merited for further investigation.

43 STUDY I

Study 111 was designed to further evaluate the role of individually measured

radiobiological parameters in the same material of head and neck carcinomas that was

presented in paper Il. At the same time another mathematical model for evaluating
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tumor control probability (TCP) based on biologically effective dose (BED) was
evaluated. This enabled the patients that received brachytherapy to be included in the
TCP analysis, allowing more data to be evaluated.

Forty-six patients had defined tumor material, with 35 tumors demonstrating local
control and 11 local relapse. Forty-three patients were evaluable. In three tumors a
BED could not be defined. In two of these it was negative due to a large proliferation
coefficient and in the third SF was determined to 1, rendering a definition of o
impossible. There was a trend towards increasing probability of local control with a
higher BED both when calculated with tumor-specific radiobiological parameters and
also when using population average parameters. However when TCP was established
by introducing number of tumor cells estimated by tumor volume before treatment, the
two groups appeared to separate more clearly. TCP based on tumor-specific
radiobiological parameters seems to give a better prediction of actual tumor control
than corresponding average data, which greatly underestimates cure with less than a
10% prediction of tumor control. Assuming that a calculated TCP of 95% is the
threshold for accurate prediction of local tumor control, the sensitivity, the specificity
and the positive and the negative predictive values of the different approaches for
calculating the TCP were determined. Sensitivity and specificity for tumor-specific
parameters were 63% and 80%, respectively. The corresponding values for population-
based averages were 0% and 91%, respectively. Positive predictive value was 92%
when tumor-specific parameters were used compared to 0 % for population-based. An
ROC analysis was done to distinguish the predictive values of the different methods of
establishing TCP (134). The ROC curve obtained, based on patient-specific a and Tpot,
had an AUC of 0.7 with a p-value of 0.01, showing that the area under the ROC curve
differed significantly from 0.5. There is therefore evidence that this method is able to
distinguish between a group of patients presenting local control and a group that does
not. The same advantageous result was not shown when calculations were based on
population averages. These resulted in an AUC of 0.5 and consequently a non

discriminatory p-value.

These results support the idea of combining individual radiobiological data - as in this
case SF and proliferation - and also of considering number of tumor cells to establish a
prediction of tumor control. Previous reports have not been able to firmly establish a

relationship between radiobiological parameters, except that greater T stage and
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increasing tumor volume indicate worse prognosis (41, 141), and the papers on SF2
mentioned previously indicate a role of inherent radiosensitivity on local control (103,
104). The combination of individual data that seems fruitful might be explained by the
fact that if only one factor is considered the others can interfere as confounders and
conceal a potential relationship. Note that the relationship between tumor size and local
control in this material was reversed, with a median tumor volume of 14 cm® when
local control was achieved compared to 10 cm?® in tumors that relapsed. The present
study result is therefore not likely to merely reflect the impact of tumor size on TCP.
Some assumptions regarding radiobiological parameters differed in this study from
those stated in paper Il and referred to in the previous chapter. The main reason is that
numerous recent papers (57, 142-144) have evaluated BED and the possible impact on
tumor control after treatment. In doing so they used different radiobiological
assumptions. We used assumptions similar to the ones in those papers regarding o/f
and proliferation. In general we set tumor o/f to 10 as in a recent paper evaluating head
and neck carcinomas (57). Those authors also specified a lag period before start of
proliferation to 22 days and we did the same in the present study. As already stated, no
definite time point when proliferation should be considered to begin after start of
radiotherapy is established. One reason for using a lag period is that it might take a
while before the net proliferation of tumor cells during radiation reaches the Tpot level
measured before start of radiotherapy - presuming that it in fact does so. This lag period
would thus account for the uncertainties regarding proliferation during radiotherapy,
allowing the use of Tpot as a substitute for tumor doubling time — even though Tpot
might underestimate doubling time after radiotherapy, at least initially. To summarize:
this study shows that TCP based on BED using individually measured radiobiological
parameters is superior to TCP based on BED and average radiobiological parameters.
This further supports the idea of a favorable impact of individually-measured

radiobiological parameters when predicting outcome after radiotherapy.

44 STUDY IV

In study IV the role of the thioredoxin (Trx) - thioredoxin reductase (TrxR) system and
the cellular redox balance on radioresistance was investigated. A gold(l) compound,
[Au(SCN)(PEt3)], that selectively inhibits TrxR, was evaluated in a radioresistant cell
line, U-1810. The effect on radiation sensitivity was assessed as were gene expression

changes following radiation in combination with the gold compound.
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The use of gold compounds in clinical practice is an attractive approach since gold is
readily used in the clinic in inflammatory diseases i.e. rheumatoid arthritis (145). The
inhibitory effect of the gold(l) compound on expression of TrxR in U1810 was
confirmed and it decreased by about two-thirds after cultivation with 2.5 uM
[Au(SCN)(PEts)] for 24 and 48 hours. Continuous cultivation of U1810 cells in 0.05
KM gold(l) compound maintained the TrxR at similar low levels. gPCR was used to
measure the inhibition of SIRNA on TrxR mRNA expression and this expression
decreased over time from 60 % of original values at 24 hours after transfection to 35 %
at 72 hours. Western blot confirmed an inhibitory effect on TrxR expression at protein
level. Proliferation of cell line U1810 was not affected after a shorter exposure of up to
48 hours of the gold(l) compound alone. However, continuous exposure to the lower
level of 0.05uM seriously affected the ability of the cell line to proliferate. Suppression
of TrxR with siRNA confirmed this negative effect on long-term cell proliferation.

In addition, exposure of U1810 cells to ionizing radiation with a single fraction of 2 Gy
and 5 Gy was evaluated. This radioresistant cell line only demonstrated impaired
repopulation after exposure to 5 Gy, a dose that also reduced the surviving fraction
according to the extrapolation method (132). The lower, but perhaps clinically more
relevant, dose of 2 Gy did not impair surviving fraction or repopulation significantly.
Radiosensitive cell line U1906, used as a control, was sensitive to both 2 Gy and 5 Gy.
Exposure to radiation in combination with [Au(SCN)(PEt3)] in U1810 reduced the
surviving fraction and repopulation rate significantly after 2 Gy as well as after 5 Gy.
These findings indicate the possibility of sensitizing radioresistant cells to clinically
relevant doses of radiation by inhibiting TrxR. It would be of great interest to evaluate
whether normal cells are also sensitized to ionizing radiation by inhibition of TrxR. If
not, an advantageous therapeutic ratio between tumor cells and surrounding normal
tissue might be explored. Low levels of ROS have been related to radioresistance and
depletion of ROS scavengers would consequently sensitize cells to ionizing radiation
(96). The intracellular redox balance is often altered in malignant cells and the
expression of Trx - TrxR elevated (95). This suggests that inhibition of TrxR would
affect malignant cells but not necessarily normal cells in the supporting stroma and
surrounding tissues, at least not to the same extent, possibly giving a selective tumor
sensitizing effect to ionizing radiation. The use of flow cytometry showed that exposure
to the gold(l) compound affected the cell cycling in U1810 cells. Relatively more cells

traversed the cell cycle into 2™ cycling with a continuously larger fraction associated
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with longer exposure times. It is possible that this also affects the sensitivity of the cells
to ionizing radiation with more cells cycling and therefore in potentially more
radiosensitive cell cycle phases than if they had become quiescent or remained in G;
(146). However exposure to the gold compound alone did not accelerate proliferation:
as noted earlier it was unaffected. Instead, with a continuous low exposure, there was
reduced proliferation. This can seem to contradict the findings on the effect of cell
cycling. One explanation could be that there was an arrest in finalizing the cell cycle,
with relative more cells in the ultimate cell cycle phase. Exposure of the gold
compound alone to the U1810 cell line demonstrated 20 differentially up-regulated
genes connected to the cell cycle in the gene expression analysis. This is well in line
with these findings.

The use of gene expression analysis in the clinical setting has yet to be verified. A few
clinical studies evaluate the importance of gene expression patterns to discriminate
outcome after radiotherapy in different patients but further clinical evaluations are
needed before clinical use can be established (147, 148). Gene expression analysis after
exposure to [Au(SCN)(PEts)] in combination with radiation demonstrated a much
stronger effect than exposure to radiation or the TrxR inhibitor alone. 181 genes were
uniquely up-regulated and 95 down-regulated after the combined treatment. This was
not seen after exposure to radiation alone or to the gold(l) compound where only a few
genes were uniquely affected. The Gene Ontology vocabulary was used for functional
classification and enrichment testing in order to achieve a more comprehensive survey
of the affected genes. When these were subjected to enrichment testing using the Gene
Ontology Tree Machine (GOTM), several GO terms emerged as significantly enriched.
Four different clusters of related enriched GO categories were identified: DNA-
damage, repair and replication, DNA and chromatin organization, cell cycle and finally
cytokine and chemokine activities. These findings correlate well to corresponding
genes that must be involved in cellular response to ionizing radiation. The interesting
finding is that only combined treatment gives significant alterations in gene expression.
This indicates a pronounced effect on cellular response to ionizing radiation when cells
are treated with the gold(Il) compound, which is reflected in the altered repopulation

and decreased surviving fraction.
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5 CONCLUSIONS

The present study was performed to investigate the value of using models based on
radiobiological parameters to predict clinical outcome after radiotherapy and the
possibility to affect the radiobiological parameter inherent radiosensitivity by altering
the intracellular redox balance. The following conclusions are made:

Radiobiological models based on inherent radiosensitivity, proliferation and number of
tumor cells have the possibility to predict clinical outcome after radiotherapy.

Individual derived radiobiological parameters are better to use than population derived
averages in predicting clinical outcome after radiotherapy when used in radiobiological

models.

The radiobiological parameters SF2 and Tpot are robust enough to be used in models to
predict individual treatment outcome after radiotherapy.

Different models to predict treatment outcome may be used if they consider variations

in radiobiological parameters between individual tumors.

The findings support the idea of combining different radiobilogical parameters in a

model to predict clinical outcome after radiotherapy.

Altering the redox balance in tumor cells by inhibition of TrxR reduces the inherent
radiosensitivity and decreases repopulation after exposure to inonizing radiation. The
effect on inherent radiosensitivity is supported by gene expression analysis

demonstrating effect on DNA —damage, -repair, cell cycle and chromatin organization.

37



6 ACKNOWLEDGEMENTS

| wish to express my sincere gratitude to everyone who has contributed with help and

support to realize this thesis. | especially would like to thank:

my supervisor, Ola Brodin, for my decision to become a clinical oncologist, and for
introducing me to the world of scientific research. Above all for enthusiasm and
genuine respect for our profession and faith in the importance of what we do for our
patients. This and our clinical and scientific discussions have made me the doctor | am

today;

my co-supervisors Michael Bergqvist and Mikael Bjornstedt for support and valuable

advice;

my co-authors Thomas Bjork-Eriksson for true friendship beginning the years we both
spent in Copenhagen, and also for essential expertise on the radiobiological parameters
you were so kind as to share, originating from the important patient material from
Gothenburg; luliana Toma-Dasu for excellent discussions and scientific guidance
regarding different mathematical models; Catharine West for showing me the art of
writing a scientific paper, and for expertise on radiobiological modelling; Markus
Selenius for discussions and your skilful help in the laboratory; David Brodin for your

work with the gene expression profiling;

my mentor Bente Holm for always being there for me during my years in Copenhagen,

and for our evening talks before leaving work regarding life as well as science;

Lisa Sengelav, Head of the Department of Oncology at Herlev University Hospital,
Copenhagen, Denmark, for support and faith in me as a young senior consultant; Roger
Henriksson, former Head of the Department of Oncology at Karolinska and the present

Department Head Thomas Walz for your interest and support;

my former clinical tutors Asgerdur Sverrisdéttir during my first years in oncology for
valuable discussions and Else Svensson for good friendship and help to interpret the

“ways of the Danes” while | was living in Denmark;

38



my colleagues and friends at the Department of Oncology at Karolinska University
Hospital: all the management team and especially Mariann liristo and Signe Friesland,
my “neighbours” for supportive discussions and Bjorn Zackrison for scientific
discussions and for general support; KI Professors Jonas Bergh and Dan Grandér for
valuable advice in the finishing process of this thesis; Daniel Brattstrom, collaborator in
study I, for valuable discussions; my former colleagues at the “HHH” team at
Sodersjukhuset; Helena Sjodin, Gunnar Adell, Claes Mercke, Gabriella Alexandersson
von D@bleln, Clara Helleday, Hanna Carstens, Franziska Edvinsson and Michael
Gubanski, for support through the years; Anna Wrangsjo, my colleague and friend,
who has been a source of great support during this time; all other colleagues and co-
workers for their support during the years;

all the staff members at the Oncology Department at Herlev University Hospital and
especially the lung cancer team; Anders, Bente, Jette, Heidi, Lotte, Jon and Svetlana for
making my years with you unforgettable; and Mariann Ryberg for your help and
support when letting me take the responsibility for developing the radiotherapy

treatments for lung cancer patients;

my friend from doctoral school, Carmen who always was confident even | would finish

my thesis;

all my fantastic friends in Sweden and abroad who give me tremendous support and

security in life;

my sister Karolina, her husband Thomas and their three boys; Algot, Elof and Axel for
always being there; and last but by no means least my parents Leif and Marita for

everything.

This work was supported by Karolinska Institutet and the Stockholm County Council.

39



/ REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

40

Glenny AM, Furness S, Worthington HV, Conway DI, Oliver R, Clarkson JE, et
al. Interventions for the treatment of oral cavity and oropharyngeal cancer:
radiotherapy. Cochrane Database Syst Rev. 2010(12):CD006387.

Perez CA, Pajak TF, Rubin P, Simpson JR, Mohiuddin M, Brady LW, et al.
Long-term observations of the patterns of failure in patients with unresectable
non-oat cell carcinoma of the lung treated with definitive radiotherapy. Report by
the Radiation Therapy Oncology Group. Cancer. 1987;59(11):1874-81.
O'Rourke N, Roqué | Figuls M, Farré Bernadd N, Macbeth F. Concurrent
chemoradiotherapy in non-small cell lung cancer. Cochrane Database Syst Rev.
2010(6):CD002140.

Daly T, Hickey BE, Lehman M, Francis DP, See AM. Adjuvant radiotherapy
following radical prostatectomy for prostate cancer. Cochrane Database Syst Rev.
2011(12):CD007234.

Fertil B, Malaise EP. Inherent cellular radiosensitivity as a basic concept for
human tumor radiotherapy. Int J Radiat Oncol Biol Phys. 1981;7(5):621-9.
Malaise EP, Fertil B, Deschavanne PJ, Chavaudra N, Brock WA. Initial slope of
radiation survival curves is characteristic of the origin of primary and established
cultures of human tumor cells and fibroblasts. Radiat Res. 1987;111(2):319-33.
Davidson SE, West CM, Roberts SA, Hendry JH, Hunter RD. Radiosensitivity
testing of primary cervical carcinoma: evaluation of intra- and inter-tumour
heterogeneity. Radiother Oncol. 1990;18(4):349-56.

Bjork-Eriksson T, West CM, Karlsson E, Slevin NJ, Davidson SE, James RD, et
al. The in vitro radiosensitivity of human head and neck cancers. Br J Cancer.
1998;77(12):2371-5.

Carmichael J, Degraff WG, Gamson J, Russo D, Gazdar AF, Levitt ML, et al.
Radiation sensitivity of human lung cancer cell lines. Eur J Cancer Clin Oncol.
1989;25(3):527-34.

Fertil B, Malaise EP. Intrinsic radiosensitivity of human cell lines is correlated
with radioresponsiveness of human tumors: analysis of 101 published survival
curves. Int J Radiat Oncol Biol Phys. 1985;11(9):1699-707.

GRAY LH, CONGER AD, EBERT M, HORNSEY S, SCOTT OC. The
concentration of oxygen dissolved in tissues at the time of irradiation as a factor
in radiotherapy. Br J Radiol. 1953;26(312):638-48.

MUNRO TR, GILBERT CW. The relation between tumour lethal doses and the
radiosensitivity of tumour cells. Br J Radiol. 1961;34:246-51.

Ward JF. The complexity of DNA damage: relevance to biological consequences.
Int J Radiat Biol. 1994;66(5):427-32.

Goodhead DT. Energy deposition stochastics and track structure: what about the
target? Radiat Prot Dosimetry. 2006;122(1-4):3-15.

Elkind MM. DNA repair and cell repair: are they related? Int J Radiat Oncol Biol
Phys. 1979;5(7):1089-94.

Falck J, Coates J, Jackson SP. Conserved modes of recruitment of ATM, ATR
and DNA-PKcs to sites of DNA damage. Nature. 2005;434(7033):605-11.

West SC. Molecular views of recombination proteins and their control. Nat Rev
Mol Cell Biol. 2003;4(6):435-45.

O'Driscoll M, Jeggo PA. The role of double-strand break repair - insights from
human genetics. Nat Rev Genet. 2006;7(1):45-54.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Stucki M, Jackson SP. gammaH2AX and MDC1: anchoring the DNA-damage-
response machinery to broken chromosomes. DNA Repair (Amst).
2006;5(5):534-43.

McGhee JD, Felsenfeld G. Nucleosome structure. Annu Rev Biochem.
1980;49:1115-56.

Abraham RT, Tibbetts RS. Cell biology. Guiding ATM to broken DNA. Science.
2005;308(5721):510-1.

Warmerdam DO, Kanaar R. Dealing with DNA damage: relationships between
checkpoint and repair pathways. Mutat Res. 2010;704(1-3):2-11.

Obaya AJ, Sedivy JM. Regulation of cyclin-Cdk activity in mammalian cells.
Cell Mol Life Sci. 2002;59(1):126-42.

Kastan MB, Bartek J. Cell-cycle checkpoints and cancer. Nature.
2004;432(7015):316-23.

Bartek J, Lukas C, Lukas J. Checking on DNA damage in S phase. Nat Rev Mol
Cell Biol. 2004;5(10):792-804.

Campisi J. Cellular senescence as a tumor-suppressor mechanism. Trends Cell
Biol. 2001;11(11):S27-31.

Ben-Porath I, Weinberg RA. When cells get stressed: an integrative view of
cellular senescence. J Clin Invest. 2004;113(1):8-13.

Campisi J, d'Adda di Fagagna F. Cellular senescence: when bad things happen to
good cells. Nat Rev Mol Cell Biol. 2007;8(9):729-40.

Nicholson DW, Thornberry NA. Apoptosis. Life and death decisions. Science.
2003;299(5604):214-5.

Shinomiya N. New concepts in radiation-induced apoptosis: ‘premitotic
apoptosis' and 'postmitotic apoptosis'. J Cell Mol Med. 2001;5(3):240-53.
Zhivotovsky B, Kroemer G. Apoptosis and genomic instability. Nat Rev Mol
Cell Biol. 2004;5(9):752-62.

Levine B, Mizushima N, Virgin HW. Autophagy in immunity and inflammation.
Nature. 2011;469(7330):323-35.

Rubinsztein DC, Gestwicki JE, Murphy LO, Klionsky DJ. Potential therapeutic
applications of autophagy. Nat Rev Drug Discov. 2007;6(4):304-12.

Maiuri MC, Zalckvar E, Kimchi A, Kroemer G. Self-eating and self-killing:
crosstalk between autophagy and apoptosis. Nat Rev Mol Cell Biol.
2007;8(9):741-52.

Golstein P, Kroemer G. Cell death by necrosis: towards a molecular definition.
Trends Biochem Sci. 2007;32(1):37-43.

Dewey WC, Ling CC, Meyn RE. Radiation-induced apoptosis: relevance to
radiotherapy. Int J Radiat Oncol Biol Phys. 1995;33(4):781-96.

Roninson 1B, Broude EV, Chang BD. If not apoptosis, then what? Treatment-
induced senescence and mitotic catastrophe in tumor cells. Drug Resist Updat.
2001;4(5):303-13.

Vakifahmetoglu H, Olsson M, Zhivotovsky B. Death through a tragedy: mitotic
catastrophe. Cell Death Differ. 2008;15(7):1153-62.

Fletcher GH. Textbook of Radiotherapy. Third edition ed. Philadelphia: Lea and
Febiger; 1980.

Bentzen SM, Thames HD. Tumor volume and local control probability: clinical
data and radiobiological interpretations. Int J Radiat Oncol Biol Phys.
1996;36(1):247-51.

Dubben HH, Thames HD, Beck-Bornholdt HP. Tumor volume: a basic and
specific response predictor in radiotherapy. Radiother Oncol. 1998;47(2):167-74.
Connell PP, Hellman S. Advances in radiotherapy and implications for the next
century: a historical perspective. Cancer Res. 2009;69(2):383-92.

41



43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

S57.

58.

59.

60.

42

HR W. The 4 R's of radiotherapy. In: Lett JT AH, editor. Advances in radiation
biology. New York: Academic1975. p. 241.

Steel GG, McMiillan TJ, Peacock JH. The 5Rs of radiobiology. Int J Radiat Biol.
1989;56(6):1045-8.

Chavaudra N, Bourhis J, Foray N. Quantified relationship between cellular
radiosensitivity, DNA repair defects and chromatin relaxation: a study of 19
human tumour cell lines from different origin. Radiother Oncol. 2004;73(3):373-
82.

Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K, Sakaguchi K, et al.
Activation of the ATM kinase by ionizing radiation and phosphorylation of p53.
Science. 1998;281(5383):1677-9.

Mahaney BL, Meek K, Lees-Miller SP. Repair of ionizing radiation-induced
DNA double-strand breaks by non-homologous end-joining. Biochem J.
2009;417(3):639-50.

Brugmans L, Kanaar R, Essers J. Analysis of DNA double-strand break repair
pathways in mice. Mutat Res. 2007;614(1-2):95-108.

TERASIMA T, TOLMACH LJ. X-ray sensitivity and DNA synthesis in
synchronous populations of HeLa cells. Science. 1963;140(3566):490-2.
Choudhury A, Cuddihy A, Bristow RG. Radiation and new molecular agents part
I: targeting ATM-ATR checkpoints, DNA repair, and the proteasome. Semin
Radiat Oncol. 2006;16(1):51-8.

Weichselbaum RR, Dahlberg W, Beckett M, Karrison T, Miller D, Clark J, et al.
Radiation-resistant and repair-proficient human tumor cells may be associated
with radiotherapy failure in head- and neck-cancer patients. Proc Natl Acad Sci U
S A. 1986;83(8):2684-8.

Barton MB, Keane TJ, Gadalla T, Maki E. The effect of treatment time and
treatment interruption on tumour control following radical radiotherapy of
laryngeal cancer. Radiother Oncol. 1992;23(3):137-43.

Van den Bogaert W, Van der Leest A, Rijnders A, Delaere P, Thames H, van der
Schueren E. Does tumor control decrease by prolonging overall treatment time or
interrupting treatment in laryngeal cancer? Radiother Oncol. 1995;36(3):177-82.
Withers HR, Taylor JM, Maciejewski B. The hazard of accelerated tumor
clonogen repopulation during radiotherapy. Acta Oncol. 1988;27(2):131-46.
Dubben HH. Local control, TCD50 and dose-time prescription habits in
radiotherapy of head and neck tumours. Radiother Oncol. 1994;32(3):197-200.
Bentzen SM, Thames HD. Clinical evidence for tumor clonogen regeneration:
interpretations of the data. Radiother Oncol. 1991;22(3):161-6.

Hartley A, Sanghera P, Kazi W, Mehanna H, McConkey C, Glaholm J, et al.
Correlation of currently used radiobiological parameters with local control and
acute and late mucosal toxicity in randomised studies of altered fractionation for
locally advanced head and neck cancer. Clin Oncol (R Coll Radiol).
2011;23(1):29-33.

Steel GG, Bensted JP. In vitro studies of cell proliferation in tumours. 1. Critical
appraisal of methods and theoretical considerations. Eur J Cancer. 1965;1(3):275-
9.

Begg AC, Haustermans K, Hart AA, Dische S, Saunders M, Zackrisson B, et al.
The value of pretreatment cell kinetic parameters as predictors for radiotherapy
outcome in head and neck cancer: a multicenter analysis. Radiother Oncol.
1999;50(1):13-23.

Steel GG. Basic clinical radiobiology. 2. ed. London: Arnold; 1997. 254 s. p.



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Trott KR, Kummermehr J. Rapid repopulation in radiotherapy: a debate on
mechanism. Accelerated repopulation in tumours and normal tissues. Radiother
Oncol. 1991;22(3):159-60.

Gregoire V, Hittelman WN, Rosier JF, Milas L. Chemo-radiotherapy:
radiosensitizing nucleoside analogues (review). Oncol Rep. 1999;6(5):949-57.
REVESZ L, LITTBRAND B. VARIATION OF THE RELATIVE
SENSITIVITY OF CLOSELY RELATED NEOPLASTIC CELL LINES
IRRADIATED IN CULTURE IN THE PRESENCE OR ABSENCE OF
OXYGEN. Nature. 1964;203:742-4.

LITTBRAND B, REVESZ L. RECOVERY FROM X-RAY INJURY AND THE
EFFECT OF OXYGEN. Nature. 1964;203:889-91.

Powell S, McMillan TJ. DNA damage and repair following treatment with
ionizing radiation. Radiother Oncol. 1990;19(2):95-108.

Brizel DM, Sibley GS, Prosnitz LR, Scher RL, Dewhirst MW. Tumor hypoxia
adversely affects the prognosis of carcinoma of the head and neck. Int J Radiat
Oncol Biol Phys. 1997;38(2):285-9.

Nordsmark M, Overgaard J. A confirmatory prognostic study on oxygenation
status and loco-regional control in advanced head and neck squamous cell
carcinoma treated by radiation therapy. Radiother Oncol. 2000;57(1):39-43.
Hockel M, Schlenger K, Hockel S, Vaupel P. Hypoxic cervical cancers with low
apoptotic index are highly aggressive. Cancer Res. 1999;59(18):4525-8.

Graeber TG, Osmanian C, Jacks T, Housman DE, Koch CJ, Lowe SW, et al.
Hypoxia-mediated selection of cells with diminished apoptotic potential in solid
tumours. Nature. 1996;379(6560):88-91.

Bristow RG, Hill RP. Hypoxia and metabolism. Hypoxia, DNA repair and
genetic instability. Nat Rev Cancer. 2008;8(3):180-92.

Hall EJ, Bedford JS, Oliver R. Extreme hypoxia; its effect on the survival of
mammalian cells irradiated at high and low dose-rates. Br J Radiol.
1966;39(460):302-7.

Palcic B, Skarsgard LD. Reduced oxygen enhancement ratio at low doses of
ionizing radiation. Radiat Res. 1984;100(2):328-39.

Dasu A, Denekamp J. New insights into factors influencing the clinically relevant
oxygen enhancement ratio. Radiother Oncol. 1998;46(3):269-77.

Baumann P, Nyman J, Hoyer M, Wennberg B, Gagliardi G, Lax I, et al. Outcome
in a prospective phase Il trial of medically inoperable stage I non-small-cell lung
cancer patients treated with stereotactic body radiotherapy. J Clin Oncol.
2009;27(20):3290-6.

Timmerman R, Paulus R, Galvin J, Michalski J, Straube W, Bradley J, et al.
Stereotactic body radiation therapy for inoperable early stage lung cancer.
JAMA. 2010;303(11):1070-6.

Overgaard J, Hansen HS, Overgaard M, Bastholt L, Berthelsen A, Specht L, et al.
A randomized double-blind phase I11 study of nimorazole as a hypoxic
radiosensitizer of primary radiotherapy in supraglottic larynx and pharynx
carcinoma. Results of the Danish Head and Neck Cancer Study (DAHANCA)
Protocol 5-85. Radiother Oncol. 1998;46(2):135-46.

Horsman MR. Measurement of tumor oxygenation. Int J Radiat Oncol Biol Phys.
1998;42(4):701-4.

Ljungkvist AS, Bussink J, Kaanders JH, van der Kogel AJ. Dynamics of tumor
hypoxia measured with bioreductive hypoxic cell markers. Radiat Res.
2007;167(2):127-45.

Bennewith KL, Durand RE. Quantifying transient hypoxia in human tumor
xenografts by flow cytometry. Cancer Res. 2004;64(17):6183-9.

43



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

44

Lanzen J, Braun RD, Klitzman B, Brizel D, Secomb TW, Dewhirst MW. Direct
demonstration of instabilities in oxygen concentrations within the extravascular
compartment of an experimental tumor. Cancer Res. 2006;66(4):2219-23.
Wouters BG, Brown JM. Cells at intermediate oxygen levels can be more
important than the "hypoxic fraction™ in determining tumor response to
fractionated radiotherapy. Radiat Res. 1997;147(5):541-50.

Kalodimos CG, Biris N, Bonvin AM, Levandoski MM, Guennuegues M,
Boelens R, et al. Structure and flexibility adaptation in nonspecific and specific
protein-DNA complexes. Science. 2004;305(5682):386-9.

MONOD J, CHANGEUX JP, JACOB F. Allosteric proteins and cellular control
systems. J Mol Biol. 1963;6:306-29.

Kamata H, Hirata H. Redox regulation of cellular signalling. Cell Signal.
1999;11(1):1-14.

IIbert M, Graf PC, Jakob U. Zinc center as redox switch--new function for an old
motif. Antioxid Redox Signal. 2006;8(5-6):835-46.

Shlomai J. Redox control of protein-DNA interactions: from molecular
mechanisms to significance in signal transduction, gene expression, and DNA
replication. Antioxid Redox Signal. 2010;13(9):1429-76.

Arnér ES, Holmgren A. Physiological functions of thioredoxin and thioredoxin
reductase. Eur J Biochem. 2000;267(20):6102-9.

Gromer S, Urig S, Becker K. The thioredoxin system--from science to clinic.
Med Res Rev. 2004;24(1):40-89.

Fishel ML, Kelley MR. The DNA base excision repair protein Apel/Ref-1 as a
therapeutic and chemopreventive target. Mol Aspects Med. 2007;28(3-4):375-95.
Adler V, Yin Z, Tew KD, Ronai Z. Role of redox potential and reactive oxygen
species in stress signaling. Oncogene. 1999;18(45):6104-11.

Rigobello MP, Folda A, Baldoin MC, Scutari G, Bindoli A. Effect of auranofin
on the mitochondrial generation of hydrogen peroxide. Role of thioredoxin
reductase. Free Radic Res. 2005;39(7):687-95.

Gandin V, Fernandes AP, Rigobello MP, Dani B, Sorrentino F, Tisato F, et al.
Cancer cell death induced by phosphine gold(l) compounds targeting thioredoxin
reductase. Biochem Pharmacol. 2010;79(2):90-101.

Biaglow JE, Ayene IS, Koch CJ, Donahue J, Stamato TD, Mieyal JJ, et al.
Radiation response of cells during altered protein thiol redox. Radiat Res.
2003;159(4):484-94.

Husbeck B, Peehl DM, Knox SJ. Redox modulation of human prostate carcinoma
cells by selenite increases radiation-induced cell killing. Free Radic Biol Med.
2005;38(1):50-7.

Berggren M, Gallegos A, Gasdaska JR, Gasdaska PY, Warneke J, Powis G.
Thioredoxin and thioredoxin reductase gene expression in human tumors and cell
lines, and the effects of serum stimulation and hypoxia. Anticancer Res.
1996;16(6B):3459-66.

Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp AN, et al. Association
of reactive oxygen species levels and radioresistance in cancer stem cells. Nature.
2009;458(7239):780-3.

Das KC, Das CK. Thioredoxin, a singlet oxygen quencher and hydroxyl radical
scavenger: redox independent functions. Biochem Biophys Res Commun.
2000;277(2):443-7.

Mirkovic N, Voehringer DW, Story MD, McConkey DJ, McDonnell TJ, Meyn
RE. Resistance to radiation-induced apoptosis in Bcl-2-expressing cells is
reversed by depleting cellular thiols. Oncogene. 1997;15(12):1461-70.



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Demizu Y, Sasaki R, Trachootham D, Pelicano H, Colacino JA, Liu J, et al.
Alterations of cellular redox state during NNK-induced malignant transformation
and resistance to radiation. Antioxid Redox Signal. 2008;10(5):951-61.

Kelley MR, Georgiadis MM, Fishel ML. APE1/Ref-1Role in Redox Signaling:
Translational Applications of Targeting the Redox Function of the DNA
Repair/Redox Protein APE1/Ref-1. Curr Mol Pharmacol. 2012;5(1):36-53.
Hirota K, Matsui M, Iwata S, Nishiyama A, Mori K, Yodoi J. AP-1
transcriptional activity is regulated by a direct association between thioredoxin
and Ref-1. Proc Natl Acad Sci U S A. 1997;94(8):3633-8.

Jones B, Dale RG. Mathematical models of tumour and normal tissue response.
Acta Oncol. 1999;38(7):883-93.

West CM, Davidson SE, Roberts SA, Hunter RD. The independence of intrinsic
radiosensitivity as a prognostic factor for patient response to radiotherapy of
carcinoma of the cervix. Br J Cancer. 1997;76(9):1184-90.

Bjork-Eriksson T, West C, Karlsson E, Mercke C. Tumor radiosensitivity (SF2)
is a prognostic factor for local control in head and neck cancers. Int J Radiat
Oncol Biol Phys. 2000;46(1):13-9.

Nehmeh SA, Lee NY, Schroder H, Squire O, Zanzonico PB, Erdi YE, et al.
Reproducibility of intratumor distribution of (18)F-fluoromisonidazole in head
and neck cancer. Int J Radiat Oncol Biol Phys. 2008;70(1):235-42.

Eschmann SM, Paulsen F, Bedeshem C, Machulla HJ, Hehr T, Bamberg M, et al.
Hypoxia-imaging with (18)F-Misonidazole and PET: changes of kinetics during
radiotherapy of head-and-neck cancer. Radiother Oncol. 2007;83(3):406-10.
Cooper RA, West CM, Logue JP, Davidson SE, Miller A, Roberts S, et al.
Changes in oxygenation during radiotherapy in carcinoma of the cervix. Int J
Radiat Oncol Biol Phys. 1999;45(1):119-26.

Hirst DG, Robson T. Molecular biology: the key to personalised treatment in
radiation oncology? Br J Radiol. 2010;83(993).723-8.

Ismail SM, Buchholz TA, Story M, Brock WA, Stevens CW. Radiosensitivity is
predicted by DNA end-binding complex density, but not by nuclear levels of
band components. Radiother Oncol. 2004;72(3):325-32.

Begg AC. Predicting response to radiotherapy: evolutions and revolutions. Int J
Radiat Biol. 2009;85(10):825-36.

Mackay RI, Hendry JH. The modelled benefits of individualizing radiotherapy
patients' dose using cellular radiosensitivity assays with inherent variability.
Radiother Oncol. 1999;50(1):67-75.

Jones B, Dale RG. Radiobiological modeling and clinical trials. Int J Radiat
Oncol Biol Phys. 2000;48(1):259-65.

Buffa FM, Davidson SE, Hunter RD, Nahum AE, West CM. Incorporating
biologic measurements (SF(2), CFE) into a tumor control probability model
increases their prognostic significance: a study in cervical carcinoma treated with
radiation therapy. Int J Radiat Oncol Biol Phys. 2001;50(5):1113-22.
Torres-Roca JF, Stevens CW. Predicting response to clinical radiotherapy: past,
present, and future directions. Cancer Control. 2008;15(2):151-6.

Brodin O. The doubling time of human tumours during radiotherapy: An analysis
based on comparison between clinical and in vitro tumour cell
radioresponsiveness. Radiation Oncology Investigations. 1994(2):99-108.
Fowler JF. The first James Kirk memorial lecture. What next in fractionated
radiotherapy? Br J Cancer Suppl. 1984;6:285-300.

Curtis SB. Lethal and potentially lethal lesions induced by radiation--a unified
repair model. Radiat Res. 1986;106(2):252-70.

45



118.

119.

120.

121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

46

Goodhead DT. Saturable repair models of radiation action in mammalian cells.
Radiat Res Suppl. 1985;8:S58-67.

Thames HD, Withers HR, Peters LJ, Fletcher GH. Changes in early and late
radiation responses with altered dose fractionation: implications for dose-survival
relationships. Int J Radiat Oncol Biol Phys. 1982;8(2):219-26.

Thames HD, Bentzen SM, Turesson I, Overgaard M, VVan den Bogaert W. Time-
dose factors in radiotherapy: a review of the human data. Radiother Oncol.
1990;19(3):219-35.

Bentzen SM, Ritter MA. The alpha/beta ratio for prostate cancer: what is it,
really? Radiother Oncol. 2005;76(1):1-3.

Qi XS, White J, Li XA. Is o/ for breast cancer really low? Radiother Oncol.
2011;100(2):282-8.

Withers HR, Thames HD, Peters LJ. A new isoeffect curve for change in dose
per fraction. Radiother Oncol. 1983;1(2):187-91.

Barendsen GW. Dose fractionation, dose rate and iso-effect relationships for
normal tissue responses. Int J Radiat Oncol Biol Phys. 1982;8(11):1981-97.
Jones B, Dale RG, Deehan C, Hopkins KI, Morgan DA. The role of biologically
effective dose (BED) in clinical oncology. Clin Oncol (R Coll Radiol).
2001;13(2):71-81.

Yaromina A, Krause M, Thames H, Rosner A, Hessel F, Grenman R, et al. Pre-
treatment number of clonogenic cells and their radiosensitivity are major
determinants of local tumour control after fractionated irradiation. Radiother
Oncol. 2007;83(3):304-10.

Zagars GK, Schultheiss TE, Peters LJ. Inter-tumor heterogeneity and radiation
dose-control curves. Radiother Oncol. 1987;8(4):353-61.

Brodin O, Lennartsson L, Nilsson S. Single-dose and fractionated irradiation of
four human lung cancer cell lines in vitro. Acta Oncol. 1991;30(8):967-74.
Brodin O, Arnberg H, Bergh J, Nilsson S. Increased radioresistance of an in vitro
transformed human small cell lung cancer cell line. Lung Cancer.
1995;12(3):183-98.

Bjork-Eriksson T. Potential biological markers of tumour response to radiation
therapy in head and neck cancers. Géteborg,1999. 64 s. p.

Courtenay VD, Mills J. An in vitro colony assay for human tumours grown in
immune-suppressed mice and treated in vivo with cytotoxic agents. Br J Cancer.
1978;37(2):261-8.

Johansson L, Nilsson K, Carlsson J, Larsson B, Jakobsson P. Radiation effects on
cultured human lymphoid cells. Analysis using the growth extrapolation method.
Acta Radiol Oncol. 1981;20(1):51-9.

Holmgren A, Bjérnstedt M. Thioredoxin and thioredoxin reductase. Methods
Enzymol. 1995;252:199-208.

Vining DJ, Gladish GW. Receiver operating characteristic curves: a basic
understanding. Radiographics. 1992;12(6):1147-54.

Zweig MH, Campbell G. Receiver-operating characteristic (ROC) plots: a
fundamental evaluation tool in clinical medicine. Clin Chem. 1993;39(4):561-77.
Eschwege F, Bourhis J, Girinski T, Lartigau E, Guichard M, Deblé D, et al.
Predictive assays of radiation response in patients with head and neck squamous
cell carcinoma: a review of the Institute Gustave Roussy experience. Int J Radiat
Oncol Biol Phys. 1997;39(4):849-53.

Stausbgl-Grgn B, Overgaard J. Relationship between tumour cell in vitro
radiosensitivity and clinical outcome after curative radiotherapy for squamous
cell carcinoma of the head and neck. Radiother Oncol. 1999;50(1):47-55.



138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

Britten RA, Evans AJ, Allalunis-Turner MJ, Franko AJ, Pearcey RG.
Intratumoral heterogeneity as a confounding factor in clonogenic assays for
tumour radioresponsiveness. Radiother Oncol. 1996;39(2):145-53.

Stuschke M, Thames HD. Fractionation sensitivities and dose-control relations of
head and neck carcinomas: analysis of the randomized hyperfractionation trials.
Radiother Oncol. 1999;51(2):113-21.

Thomlinson RH, Craddock EA. The gross response of an experimental tumour to
single doses of x-rays. Br J Cancer. 1967;21(1):108-23.

Blanchard P, Baujat B, Holostenco V, Bourredjem A, Baey C, Bourhis J, et al.
Meta-analysis of chemotherapy in head and neck cancer (MACH-NC): a
comprehensive analysis by tumour site. Radiother Oncol. 2011;100(1):33-40.
Machtay M, Bae K, Movsas B, Paulus R, Gore EM, Komaki R, et al. Higher
biologically effective dose of radiotherapy is associated with improved outcomes
for locally advanced non-small cell lung carcinoma treated with chemoradiation:
an analysis of the Radiation Therapy Oncology Group. Int J Radiat Oncol Biol
Phys. 2012;82(1):425-34.

Miles EF, Nelson JW, Alkaissi AK, Das S, Clough RW, Broadwater G, et al.
Biologically effective dose (BED) correlation with biochemical control after low-
dose rate prostate brachytherapy for clinically low-risk prostate cancer. Int J
Radiat Oncol Biol Phys. 2010;77(1):139-46.

Xia B, Chen GY, Cai XW, Zhao JD, Yang HJ, Fan M, et al. The effect of
bioequivalent radiation dose on survival of patients with limited-stage small-cell
lung cancer. Radiat Oncol. 2011;6:50.

Stern I, Wataha JC, Lewis JB, Messer RL, Lockwood PE, Tseng WY. Anti-
rheumatic gold compounds as sublethal modulators of monocytic LPS-induced
cytokine secretion. Toxicol In Vitro. 2005;19(3):365-71.

TERASIMA T, TOLMACH LJ. Variations in several responses of HeLa cells to
x-irradiation during the division cycle. Biophys J. 1963;3:11-33.

Pramana J, Van den Brekel MW, van Velthuysen ML, Wessels LF, Nuyten DS,
Hofland I, et al. Gene expression profiling to predict outcome after
chemoradiation in head and neck cancer. Int J Radiat Oncol Biol Phys.
2007;69(5):1544-52.

Chi JT, Wang Z, Nuyten DS, Rodriguez EH, Schaner ME, Salim A, et al. Gene
expression programs in response to hypoxia: cell type specificity and prognostic
significance in human cancers. PLoS Med. 2006;3(3):e47.

47



