GSI Helmbholtzzentrum fiir Schwerionenforschung GmbH

Technische Universitat Darmstadt

Radiobiological experiments for carbon ion
prostate cancer therapy: Interplay of normal
and tumor cells in co-culture and measurement

of the oxygen enhancement ratio

Vom Fachbereich Biologie der Technischen Universitdt Darmstadt
zur
Erlangung des akademischen Grades
eines Doctor rerum naturalium

genehmigte Dissertation von

Dipl.-Ing. Biotechnologie Clire von Neubeck
aus Frankfurt (Main)

1. Referent: Prof. Dr. Gerhard Thiel
2. Referent: Prof. Dr. Gerhard Kraft

Tag der Einreichung: 31.07.2009

Tag der miindlichen Priifung: 28.09.2009

Darmstadt 2009
D17






Zusammenfassung

Co-Kultur Systeme sind hiufig ein geeignetes Modell um die Reaktion von Geweben
in vitro zu untersuchen, die bei einer Strahlentherapie notwendigerweise gleichzeitig als
Ziel- und Nachbarvolumen exponiert werden. In dieser Arbeit wurde ein Co-Kultur Mod-
ell auf Basis von Rattenzellen eines Prostatakarzinoms (Dunning R-3327-AT-1) und des
Diinndarmepithels entwickelt um die Bestrahlungssituation eines Prostatakarzinompa-
tienten zu simulieren. Beide Zelllinien wurden in Mono-Kulturen auf ihre Strahlensen-
sitivitit gegeniiber 250 kVp Rontgen sowie 270 MeV/u, 100 MeV/u und 11.4 MeV/u
Kohlenstoffionen untersucht. Aus den Uberlebensdaten wurden die Parameter des Linear-
Quadratischen Modells, o und (3, errechnet und die relative biologische Wirksamkeit
(RBW) bestimmt, wobei die RBW,, der strahlenresistenteren Prostatakarzinomzellline
im Gegensatz zur Diinndarmzelllinie grofer war. Der Vergleich von RBW Werten er-
rechnet mit dem local effect model (LEM) zeigte sehr gute Ubereinstimmungen mit den
gemessenen Werten. Die Daten aus Mono-Kulturen wurden verglichen mit Co-Kulturen
unbestrahlter und bestrahlter Zellen (250 kVp Rontgen, 100 MeV/u und 11.4 MeV/u
Kohlenstoffionen) beider Zelllinien. Die gemessene Synergie in den Co-Kulturen wurde
auf bestrahlungsabhéngige und -unabhéngige Faktoren zuriickgefiihrt. Um diese Effekte
zu untersuchen wurde die Sekretion der inflammatorischen Zytokine TGF3, TNFa und
IL-2 gemessen. Es zeigte sich, dass deren Sekretion unabhéngig von der Bestrahlung und
der Co-Kultur war.

In der Tumortherapie stellen hypoxische Tumorareale aufgrund erhohter Strahlenresistenz
ein Problem dar. Um Zellen unter definierten Sauerstoffbedingungen zu kultivieren und
zu bestrahlen wurde eine Kammer entwickelt, in der der Sauerstoffgehalt gezielt reg-
uliert werden kann. In dieser Kammer wurden die Prostatakarzinomzellen unter oxischen
und hypoxischen Bedingungen mit Kohlenstoffionen mit einem LET von 100 keV/um
bestrahlt. Der Sauerstoffverstarkungsfaktor (OER) wurde fiir Rontgenbestrahlungen mit
OER = 2,35 und fiir Kohlenstoffionen mit OER = 1,5 bestimmt. Die Ergebnisse der Co-
Kultur und der Experimente mit definiertem Sauerstoffgehalt wurden unter dem Gesicht-

spunkt der Prostatakarzinomtherapie diskutiert.
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Summary

Co-culture models are helpful to examine cell to cell interactions in vitro and to assess
the cross-communication between two particular cell populations. Co-culture systems
partially reflect the complex in vivo situation: in this study an in vitro co-culture model
of prostate cancer cells (Dunning R-3327-AT-1) and small intestine cells (intestinal ep-
ithelium cell line 6) of the rat was established to simulate the carbon ion treatment of
prostate cancer patients at GSI. Both cell lines were characterized in mono-cultures for
their radio-biological response against 250 kVp x-rays and carbon ions of 270 MeV/u,
100 MeV/u, and 11.4 MeV/u, respectively. The parameters of the linear quadratic model,
a and [, for cell survival curves were determined as well as the relative biological ef-
fectiveness (RBE). The measured RBE values were compared to calculations of the local
effect model (LEM) and were in agreement to the calculations. The RBE,, value increased
stronger for the more radio-resistant prostate cancer cell line than for the epithelium cell
line. The survival of unirradiated and irradiated cells from co-cultures (250 kVp x-rays;
100 MeV/u and 11.4 MeV/u carbon ions) was compared to mono-cultures under the same
conditions. The measured effects were attributed to irradiation independent as well as to
irradiation dependent factors. To study these effects, the inflammatory cytokines TGFf3,
TNFa, and IL-2 were analyzed, but their secretion was independent of irradiation.

To study the problem of hypoxic cells in tumor treatment a hypoxia chamber was devel-
oped in which cells were grown under a defined oxygen status. Prostate cancer cells were
irradiated with 250 kVp x-rays and carbon ions with a LET of 100 keV/um under oxic
and hypoxic conditions. The oxygen enhancement ratios for 10% survival were found to
be OER = 2.35 for x-rays and OER = 1.5 for carbon ions. The results of the co-culture
model and the experiments under defined oxygen status are discussed in relation to ongo-

ing prostate cancer therapy.
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1 Introduction

1.1 Objectives

The cancer treatment with heavy ions started at GSI in December 1997. Up to the end of
July 2009, 440 patients with chordomas, chondrosarcomas, and adenocystic carcinomas
were successfully treated. The five year tumor control rate increased from 30-40% after
conventional treatment to values higher than 80% in all these cases [123, 122, 21]. In 2006
a study on locally advanced prostate cancer was started [97]. But for future developments
in therapy the number of indications has to be increased and the treatment advantages have
to be extended to other tumor types. There are still some unsolved problems in heavy ion
radiation therapy. On the basis of prostate cancer, as an example, these unsolved problems
can be explained. Prostate cancer patients were irradiated with a combination of intensity
modulated radiotherapy (IMRT) at the Universitdtsklinikum Heidelberg and with six frac-
tions of carbon ion boost irradiation at GSI (active beam scanning). The IMRT delivers
the photon dose in many small irradiation fields of different beam directions to achieve
a three dimensional tumor conformal overlapping dose. The carbon ions are delivered in
only two opposing fields without reducing the delivered dose in the tumor volume. Since
the prostate is a deep-seated organ, both methods irradiate healthy tissue and including
parts of the radio-sensitive organs like the rectum and bladder. Due to the greater preci-
sion carbon ion irradiation excludes more healthy tissue than the IMRT irradiation which
protects the normal tissue sufficiently. For carbon ion therapy in Japan (passive beam
control) side effects like inflammatory reactions in the co-irradiated organs are published
[134, 66, 137] and reduce the maximal deliverable dose to the tumor. A better compre-
hension of the healthy tissue reaction alone and in combination with prostate cancer cells
could help to reduce side effects, to medicate the inflammation or to enhance the deliver-

able dose to the tumor.

In a first reaction to these problems it was planned to establish an in vitro co-culture sys-
tem of prostate cancer cells and normal cells of the surrounding tissue to simulate the

patient treatment situation and to analyze tissue reactions.
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The questions raised were:

> How is the survival of irradiated tumor cells influenced by normal cells (irradiated
/ unirradiated)?

> How is the survival of irradiated or unirradiated normal cells influenced by tumor
cells (irradiated / unirradiated)?

> Which biochemical substances mediate the influence on the survival?

> Are there different reactions between cells irradiated with carbon ions or x-rays?

A common feature of prostate tumors is that they are poorly oxygenated tissue which is
more radio-resistant [89]. Furthermore, hypoxia has been correlated with local tumor re-
currences [131] and consequently with a poor prognosis [89]. Due to the oxygen effect
the hypoxic tissue is more radio-resistant than well oxygenated tissue. By using high
LET carbon ions the oxygen effect is reduced [52]. For carbon ion irradiation with mixed
LET the oxygen effect is unclear. If it were possible to deactivate all hypoxic cells more
efficiently, the poor prognosis in terms of local recurrences would be revised. There-
fore, more biological data of hypoxic cells are needed to improve the treatment planning

system.

The second intention of this thesis was to develop a measurement system for hypoxic cells

which fulfills the following criteria:

> adjustable and defined oxygen status of the cells,
> measurable acute and chronic hypoxia, and

> suitable for photon and carbon ion irradiation.

With this system, the oxygen enhancement ratio for x-ray and carbon ion irradiation

should be measured.

1.2 Physical properties of ionizing radiation and radio-biological fun-

damentals

The depth dose profiles of photons and carbon ions differ because of their physical prop-
erties (see figure 1.1). Concerning therapy conditions carbon ions have a better dose
distribution than photons i.e. a better tumor conformity can be reached. Sparsely ioniz-
ing radiation like photons deposits its energy via photo effect, Compton-process, and pair
production. The resulting secondary electrons of high energy photons are preferentially

scattered forward. This shifts the maximum energy deposition profile of photons to higher
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Figure 1.1: The relative dose distribution for x-rays, photons and carbon ions with depth in water.
Courtesy of U. Weber.

depths, but after a few centimeters the depth dose profile decreases exponentially. In con-
trast, particle irradiation like protons or carbon ions exhibits an inverse depth dose profile.
The energy deposition increases slowly with depth to a sharp maximum, the Bragg-peak.
The deposited energy along the covered distance is defined as the linear energy transfer
(LET).

dE
LET = &2 (1.1)
dx
Equation 1.2 shows the relation between LET [keV/um], dose D [Gy], fluence F [cm™],

and density of the irradiated material p [cm?®/g]

D=16-10""-F-LET-p*, (1.2)

where the numeric factor accounts for the conversion of the units as given above. The
biological effect of sparsely and densely ionized radiation differs. The relative biological
effectiveness (RBE) allows a comparison between the two beam qualities. The RBE is
the ratio of a standard radiation dose to a test radiation dose which induces the same

biological effect (see Eq. 1.3).

Dx—ray

RBE =
Dion

(1.3)

isoeffect

Figure 1.2 illustrates the RBE with two typical survival curves of sparsely (x-rays) and
densely (carbon ions) ionizing radiation. The cellular survival after x-ray irradiation fol-

lows a shoulder curve which can be described with Eq. 1.4.
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S =5, e @P-BD? (1.4)

Here is Sy and S the survival before and after the irradiation, respectively, a (Gy™') the
initial slope, and 3 (Gy™?) the curvature of the linear quadratic survival curve. The shoul-
dered shape results from repairable damages in the low dose area (« value is dominant).
The accumulation of lesions leads to irreparable complex damages for higher doses (3
value is dominant). The ratio of o and (3 is characteristic for a cell line and is a parameter
for radio-sensitivity. A pronounced shoulder corresponds to a high radio-resistance and a
small o/( ratio.

— X-ray
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Figure 1.2: Relative biological effectiveness of 11.4 MeV/u carbon ions compared to 250 kVp
x-ray irradiation, Courtesy of W. K.-Weyrather.

The cell survival after ion irradiation with high energy deposition values follows an expo-
nential decline with increasing doses (LET > 100 keV/um). The high LET of ions induces
complex and mostly lethal damages in the cell. If the repair capacity of the cell is over
strained, the term (3D?) converges to zero. The cell inactivation or the mitotic death of

cells after irradiation can be determined in a colony forming assay [104].

Figure 1.2 shows the RBE, which is given by the ratio of the initials slop « in the limit of

vanishing dose,

(1.5)

For cancer therapy with carbon ions at GSI the RBE is calculated with the local effect
model (LEM; [120, 33]). The model includes three central ingredients which reveal the
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RBE characteristics: a) the target size, e.g. size of the cell nucleus, b) track structure of
the ions used, since the RBE is particle dependent, and c¢) x-ray survival curve of used
cell type, since the RBE is cell type dependent. It is not possible to determine the RBE
values for patient treatment. So the LEM calculation is needed for each voxel of the target
volume. For the RBE calculation of patient treatment the data of photon radiotherapy are
used to calculate the corresponding clinical data instead of cell RBE values. The physical
optimization of the treatment plan is done with the treatment planning software TRiP98
[78]. The carbon ion beam is controlled with this optimized plan and scans over the tumor

volume. For more details see Haberer et al. [50].

The beam absorption in the tissue leads to the production of radicals. Hall postulated
that the radicals react with the surrounding molecules e.g. with the DNA. In the presence
of oxygen the DNA radicals react with oxygen molecules to peroxides, and the lesion in
the DNA is fixed. In the absence of oxygen (hypoxia) no fixation of the DNA damages
with oxygen takes place. The free DNA ends could be realigned which, in consequence,
increased the cell survival [52]. This theory is under discussion, and the real mechanism
might be more complex. The damages in the DNA are of special interest since Munro

identified the cell nucleus as the most sensitive target in the cell [93].

The cellular survival under hypoxic conditions is increased. The ratio of a dose under hy-
poxic to a dose under oxic conditions which induces the same biological effect is defined

as the oxygen enhancement ratio (OER).

D oxic
OFER = g% (1.6)

isoeffect

In contrast to the RBE, the oxygen effect seems to enhance the survival by a constant
factor independent from survival level. Depending on the cell line and the oxygen status
the enhancement factor is in the range of one to three, whereas a tissue supply of < 3%
oxygen is sufficient for the occurence of the full oxygen effect [52]. In radiotherapy
the oxygen effect is of great importance since some tumors show large hypoxic areas,
e.g. prostate tumors [89]. Due to the OER these hypoxic areas are more radio-resistant
to sparsely ionizing radiation. The OER is LET dependent. The higher the LET the
smaller is the enhancement factor and the OER converges to one. By the use of densely
1onizing radiation like carbon ions the OER can be reduced. Therefore, particle therapy
is well suited to effectively inactivate hypoxic cells. Furthermore, the cellular response
to radiation depends on the exposure length to hypoxic conditions. It is reported that
the radio-sensitivity of chronically hypoxic cells is reduced to 30% compared to acute

hypoxic cells [89].
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1.3 The prostate and its cancers

The prostate together with the testes, the epididymis, and the seminal vesicles form the
inner genitals of the man. The prostate adjoins cranial to the bladder and dorsal to the
rectum. The chestnut shaped and sized organ encloses the beginning of the urethra. The
tubuloalveolar exocrine gland is composed of thirty to fifty single glands with excretory
ducts into the urethra. The glands are surrounded by smooth muscle cells and connective
tissue. The prostate is externally bordered by a connective tissue capsule and can be clas-
sified in histological zones: peripheral (70-75% of gland mass), central (25-30% of gland
mass), periurethral, transition, and anterior fibro-muscular (no glands) zone. Prostate can-
cer develops in most cases in the peripheral zone [85, 91].

The prostate carcinoma is the most frequently occuring cancer for men in Germany and
responsible for 10% of cancer related death per year. The risk of prostate cancer increases
with age and 90% of the patients are older than 60. The important diagnostic procedures
are digital rectal palpation, serum level of prostate specific antigen (PSA), sonography,
and punch biopsy [113].

Prostate carcinomas can pathologically be divided into four categories: latent (undetected
in life, autopsy), incidental (not detectable with clinical diagnostic, incidentally discov-
ered, T1), occult (primary tumor not detected, metastases induced finding), and clini-
cal prostate cancer (assured diagnosis, T2-T4). 95% of the tumors are adenocarcinomas
whereas urothelial or squamous cell carcinomas as well as sarcomas appear rarely. The
aggressiveness of prostate cancer is evaluated with Gleason scoring (factor 2-10). With
this the differentiation pattern of the cell structures are judged [34]. In addition, differ-
ent morphological growth patterns (cribriform, anaplastic, well and poorly differentiated
glandular) can be found [10]. The tumor classification is performed according to the
TNM system of the international union against cancer which differentiates between pri-
mary Tumor, regional lymph Node and distant Metastasis (see table 1.1). Prostate cancer
metastasizes first into the lymph nodes of the pelvis minor and later, metastases can be
found in the bones, liver, and lung. The therapeutical procedure depends on the tumor
state. A wait-and-see strategy with controls is used in state / while in state /I, a cura-
tive approach, (radiotherapy, hormone-therapy) or surgery can be chosen. For state /1] no
therapeutically guideline exists (all therapy forms except chemotherapy), and in state IV
a systemic therapy of hormone-, chemo- and pain-therapy is suggested [34].

However, the method of cancer treatment has to comply with the general condition and the
expected life span of the patient, the severity of the illness, and the expected side effects
of the treatment. For radiotherapy two methods are used. Method one, the brachytherapy

applies irradiant materials directly into the prostate while the IMRT, the second method
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Table 1.1: Prostate cancer classification according to the international union against cancer, ex-
cerpt of TMN system [34]

State Category Definition

TX primary tumor not rateable
TO no indication for primary tumor
I[-1I Tla-c incidentally detected tumor
II T2 tumor only in prostate (one lope T2a, both lopes T2b)
111 T3 tumor with capsular penetration (external expansion T3a, sem-

inal vesicle infiltration T3b)

1Y% T4 tumor is fixed and/or infiltrating other structures
NX regional lymph node not rateable
NO no lymph node metastases
N1 regional lymph node metastases
MX distant metastases not rateable
MO no distant metastases
M1 distant metastases (other lymph nodes M1a, bones M1b, rest
of the body Mlc)

irradiates externally in three dimensional conformal manner. The primary side effects in

both cases are impotence, incontinence, and intestinal disorders [113].

1.3.1 Dunning prostate cancer cell system

The original adenocarcinoma was discovered by Dunning in the dorsal lope of the prostate
of a male Copenhagen rat (rattus norvegicus) in 1961 and was named R-3327. Parts of
the tumor were supplied to other institutes, and over the years several sub-lines were de-
veloped with different characteristics. The genealogy of the R-3327 rat prostate cancer is
presented in reference [64]. In this thesis the sub-line R-3327-AT-1 (RAT-1) is used which
occurred at John Hopkins Oncology Center in 1976. RAT-1 cells form in vivo a fast grow-
ing, androgen- and estrogen-insensitive, and anaplastic tumor with a low metastatic ability
[65]. Anaplasia is characterized by the loss of structural and functional differentiation of
normal cells [34] and is histological graded with five (Gleason) [20]. In vitro the cell
doubling time is 32.5 4 3.7 h and the plating efficiency (PE) is 16.7 £ 0.9%. The mean
chromosome number was determined with 60 £ 7 [65]. The normal rat karyotype for

rattus norvegicus is 42 (2n) which means that RAT-1 cells have an aneuloid chromosome
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number. Aneuploidy (condition under which a cell has missing or extra chromosomes)
can occur with two principle mechanisms: chromosome loss and non-disjunction. A com-
plete chromosome can get lost if the kinetochore of the chromosome is not attached to the
spindle fiber. During anaphase the chromosome is therefore not moved to the poles of
the dividing cell nucleus. The membrane formation in the end of the meiosis excludes
the chromosome from the daughter cells, and the formation of a micronucleus is possible.
Non-disjunction describes the failure in division of the sister chromatids in the beginning
of the anaphase. Thereby, a hyperploid (In + x) and a hypoploid (1n - x) daughter cell
develops.

The RAT-1 cells grow in vivo to larger tumors whereas the smaller tumors are significantly
less hypoxic. But even large tumors do not form a central necrosis. The better oxygenated
tumors show an enhanced response to radiation when the cells were irradiated with a sin-
gle dose of 30 Gy of 4 MV x-rays [12]. Furthermore, RAT-1 cell tumors are known to be
moderately radio-resistant [101].

1.4 The intestine and radiation side effects

The upper intestine is comprised by the mouth, pharynx, esophagus, and stomach. The
lower gastrointestinal tract consists of the small intestine which has three parts (duode-
num, jejunum, ileum). The large intestine has three parts as well: cecum with appendix,
colon (ascending, transverse, descending colon, sigmoid flexure), and rectum. The gen-
eral structure of the intestinal wall is from outwards to inwards composed of a serosa,
a longitudinal muscle layer, a circular muscle layer, a sub-mucosa, and a mucosa. The
mucosa of the small intestine is folded and covered with finger shaped and 1 mm high
villi. The villi surface is comprised out of absorbing epithelium cells [30]. The intestinal
epithelial cells (IEC) have three essential functions: a) nutrient uptake, b) immunologi-
cal defense, and c) forming a barrier. The barrier are the cells themselves through tight
junction sealing (zonula occludens) and mucus (glycocalyx) secretion [19]. The IECs
desquamate at the villus tips [102] and are replaced by undifferentiated stem cells from
the proliferous zone within the crypts [99]. A complete cell exchange corresponds to the
functional lifetime of a epithelial cell which is e.g. in vivo for murine differentiated ep-
ithelial cells five to ten days [121].

Independent from the type of radiotherapy, in prostate cancer treatment the surrounding
normal tissue (intestine, bladder, urethra) is partly co-irradiated and shows dose depen-
dent side effects. Tissues with a high proliferating rate such as intestinal mucosa are most
sensitive to ionizing radiation and have the greatest risk of injury. The radiation-induced

gastrointestinal syndrome is an acute reaction to radiation and is characterized through a
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massive depletion of intestinal epithelium cells, disorders of fluids, and solute transports.
The rate of apoptosis in murine epithelial crypt cells after irradiation was found to be
higher than that in the villi and showed a saturated dose response at approximately 1 Gy
of photons [127, 121]. These results are supported by a report of beginning changes in
the human intestinal epithelium after irradiation with 1-2 Gy of photons [34]. Long-term
complications in the intestine can be the manifestation of progressive vasculitis, enteritis,
and fibrosis [127]. Prostate cancer treatment with carbon ions at the heavy ion medical
accelerator in Chiba, Japan (passive beam control) [134], delivered a total dose of 66.0
Gy (RBE, Japan) in 20 fractions over five weeks. The patients developed side effects with
grade I (17.3%) and grade II (2.7%) complications in the rectum. In a second study the
dose was reduced to 57.6 Gy (RBE, Japan) in 16 fractions over 4 weeks. The side effects
could be limited with this method to grade I (10.3%) and grade II (1.1%) complications

in the rectum.

1.4.1 Intestinal epithelium cell line 6

The intestinal epithelial cell line 6 (IEC-6) originated from the intestinal crypt cells of
a rat, as judged by morphological and immunological criteria. As described by Quaroni
et al. the cells are non-tumorigenic and retain the undifferentiated character of intestinal
epithelial stem cells [106]. For the cell line a stable karyotype of 42 chromosomes, a
constant population doubling time of 20 h (19-22h) which tends to decrease with age, and
a PE of 2.3% were determined. The life span of the cells is limited to 30-40 passages while
the morphology is stable [106]. The IEC-6 cells are used for a wide range of experiments
and are well characterized in literature. Wroblewski et al. analyzed the radiation effect
in vivo in rats and in vitro with IEC-6 cells. They concluded that the observed effects in
crypt cells in vivo were identical to the effects in the IEC-6 cell line [147]. This conclusion
makes the IEC-6 cell line suitable for side effect investigation. In addition, IEC-6 cells
are a common model for normal human intestinal epithelial biology [138].

1.5 Cytokines

Inflammatory cytokines can be divided into two groups according to their involvement
in the inflammatory response: cytokines promoting acute versus chronic inflammation.
Important cytokines for the acute reaction are interleukin (IL)-1, IL-6, IL-8, IL-11, and
TNFa. The chronic inflammation can be subdivided into cytokines mediating humoral

responses (IL-4, IL-5, IL-6, IL-7, IL.-13) and cytokines which mediate cellular responses
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(IL-1, IL-2, IL-3, IL-4, IL-7, IL-9, IL-10, IL-12, interferons, TGF3, TNF«a, TNFf3).
Most cytokines are multifunctional and pleiotropic which means that they elicit their ef-
fect locally or systemically in an autocrine or paracrine manner [35]. In this thesis the
cytokines IL.-2, TNFq, and TGF( were analyzed. The decision to analyze TGF(3, TNFq,
and IL-2 was motivated by the results of the co-culture survival experiments and the
published effects of the cytokines on prostate and intestinal epithelium tissue. Under sub-
section 4.3.4 the decision is discussed in detail. In the following the current knowledge
about the three cytokines will be presented in general and in context to the used cell lines

(rat anaplastic prostate cancer cells, rat intestinal epithelium crypt cells) in particular.

TGF 3 signaling pathway

Independent of the induced regulatory effect the TGF/ signaling pathway is conserved
from flies to humans. The three isoforms of TGFj3 (1-3, 25 kDa homodimer) are syn-
thesized as pro-hormones in the cell and are converted into bioactive molecules in the
extracellular matrix [98, 25]. The effect of TGF3-1 and TGF/3-3 is mediated through the
receptors RI (53 kDa) and RII (70 kDa). Both are transmembrane serine/threonine kinase
receptors at the cell membrane that induce a phosphorylation after TGF/ binding [7, 145].
TGF3-2 needs the interaction with betaglycan, which is formally called RIII, to be deliv-
ered to RII [25]. The primary intracellular effectors of TGF/ signals are SMAD-2 and
SMAD-3 which displace the activation via interactions with SMAD-4 and nucleoporins
from the membrane into the nucleus. In the cytosol SMAD-proteins activate caspase-1,
an apoptosis initiation factor, while in the nucleus the activation of several transcription
factors is triggered [112, 25].

TGF[ activation

TGEFp is stored in its latent form in extracellular reservoirs in an abundant manner and
needs to be activated. Ionizing radiation induces the formation of reactive oxygen species
(ROS). It could be shown that ROS are responsible for the dose dependent activation of
TGEFE( after irradiation [2]. The inhibition of active TGF/3 leads to inhibition of autophos-
phorylation of the nuclear protein kinase ATM (ataxia telangiectasia mutated). ATM is
one of the first and central proteins to respond to DNA damage. The absence of TGF[3-

ATM interactions increased the radio-sensitivity of e.g. epithelial cells [2].

TGF 3 signaling in prostate tissue

Growth factors which affect the prostate can be divided into three categories: positive
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growth factors stimulate proliferation and growth; negative growth factors inhibit growth
and promote apoptosis while angiogenic factors stimulate vascular formation. It is con-
troversial as to which category TGF 3 belongs. Reynolds and Kyprianou suggest the cate-
gory negative growth factor since TGF/ is released from the stromal cells in the prostate
in a paracrine manner and induce in the prostatic epithelial cells growth inhibition and
apoptosis [112]. In contrast, Tomlinson et al. reported that the inhibitory effect of TGF[3-
1 depends on the differentiation status of the target cells. Undifferentiated cells in the
prostate periphery (distal to urethra) are stimulated in their proliferation while the highly
differentiated cells in the center (proximal to urethra) of the organ are inhibited [133]. Lee
et al. consider TGF/3-1 to be a pleiotropic growth factor that inhibits proliferation and in-
duces cell death in normal prostatic epithelial and stromal cells from rodents and humans.
Furthermore, they reported that a low concentration of TGF[3-1 increases proliferation
of prostatic cells [83]. According to Wikstrom et al. TGF[3 inhibits the proliferation of
epithelial cells and induces apoptosis in a normal rat prostate [145].

The expression of TGF/ in prostate tumors tends to be increased. The inhibitory growth
effect of TGF/3 is mediated via the TGFSRII. With ongoing tumor progression the expres-
sion of TGFARII is decreased which might enhance the aggressive potential of the tumor
[112]. The Dunning R3327 rat prostatic adenocarcinoma cell system seems to acquire
a resistance to TGF3 mediated growth inhibition with tumor progression [145]. But the
RAT-1 cell line was found in vivo and in vitro to express in both cases elevated TGF3-1,
TGFRI and TGFSRII mRNA levels compared to normal dorsal prostate tissue [145].

TGF 3 signaling in intestine tissue

In in vivo intestine the highest TGF mRNA levels can be found in the crypt cells. Here
TGF 3 promotes intestinal epithelial restitution and inhibition of proliferation after intesti-
nal wounding e.g. enhanced cell death after radiotherapy. Restitution is in vivo indepen-
dent of proliferation and involves the migration of viable epithelial cell from the edges of
the injured area to cover the exposed area. These effects can be studied in a wound heal-
ing model based on IEC-6 cell monolayer. The TGFj3 expression in the IEC-6 cell line
is regulated by an autocrine mechanism, and TGFj3 prevents the down regulation of ex-
tracellular matrix transcripts which are needed for restitution [102]. Furthermore, TGF(
inhibits the DNA synthesis in IEC-6 cells [149] and has only small effects on epithelial
differentiation [99]. The production of TGFf is enhanced by IL-2 which also promotes
cell migration in vitro. Podolsky concluded that cytokines expressed in the intestinal mu-
cosa promote epithelial restitution after mucosa injury through increased production of
activated TGF[3-1 in epithelial cells [102].
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TNF«a signaling pathway

The pro-inflammatory cytokine TNFa (17 kDa) is mostly produced by T-lymphocytes
and macrophages in a membrane-bound or in a soluble form. The effect of TNF« is
mediated via two receptor complexes (TNFRI and TNFRII) [68]. In the following the
receptor complex binds to the proteins TNF receptor associated death domain which ac-
tivates the TNF receptor associated factor 2. From here three pathways are possible. Two
of them activate the nuclear factor NF-xB which promotes survival factors such as bcl-2,
an anti-apoptotic protein. The third pathway, phosphorylates activator protein-1, stimu-

lates apoptosis [115].

TNF« signaling in prostate tissue

The effect of TNFa on cell survival and proliferation differs from in vivo to in vitro stud-
ies, while the species plays an important role as well. In a prostate cancer patient study
it was observed that the TNFa level increased with severity of illness [6]. The expres-
sion of TNFa and both receptors are increased in epithelial cells of prostate cancer [115],
too. But the cell proliferation in prostate cancer is enhanced since the pro-apoptotic way
of TNFa« is inhibited by p21 and the signal regulating kinase ASK1 [115]. In humans
prostate cancer cell line LNCaP increased the numbers of apoptotic cells after treatment
with 40 ng/ml TNFa which is in contrast to the in vivo results [73]. In vivo experiments on
a rat Dunning sub-line, intra-tumor injections of TNFa resulted in a slower tumor growth
in comparison to untreated control animals [125]. However, in vitro experiments with the
same cell line and TNF« treatment had no significant effect on colony formation [135],
which means no effect on cell survival or growth. The Dunning sub-line RAT-1, which
is used in this thesis, was not involved in this study. It is expected that TNFa can have a

positive or negative effect on RAT-1 cell proliferation.

TNF« signaling in intestine tissue

The intestinal mucosa produces and secrets TNFa [102]. Under inflammatory conditions
the density of mucosa cells increases significantly and produces TNFa, IL-2 and IL-6
[149]. TIEC-6 cells are part of the intestinal mucosa. The IEC-6 cells are able to secret
TNFa which was demonstrated with lipopolysaccharides stimulation (LPS) [87]. The
effect of TNFa on IEC-6 cells has been studied by Zachrisson et al.. The DNA synthe-
sis of IEC-6 cells was enhanced in a dose-dependent manner after treatment with 0.57 x
10- 10" M TNFq. This was associated with increased cell proliferation [149]. Higher
proliferation activity was exhibited by IEC-6 cells after TNFa or IL-13 stimulation was

compared to untreated controls. Both cytokines together suppressed IEC-6 cell prolifera-
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tion by an unknown mechanism [90].

IL-2 signaling pathway

I1-2 (14-17 kDa) is the major growth factor for activated T-lymphocytes [79]. Beside ac-
tivated T-lymphocytes, other normal and tumor cells are found to express and secret 1L-2
as well [110]. The receptor complex (IL-2R) consists of a 3- and a ~y-chain and has an in-
termediate affinity to IL-2. Therefore, the cells react only on higher IL-2 concentrations.
Through binding of an a-chain to the (- and ~-chains, a receptor with high affinity to
IL-2 is formed [68]. The IL-2 effect is mainly mediated through tyrosine kinases which
stimulates gene expression [79]. IL-2 seems to mediate the cell cycle progression in tu-
mor cells via the CDK inhibitor p27 [110].

IL-2 signaling in prostate tissue

In a prostate cancer patient study it was reported that stage /I and III tumors have slightly
increased IL-2 levels. In stage IV tumors the IL-2 levels decrease dramatically due to
the degradation of the immune system [6]. Royuela er al. analyzed the presence of IL-
2 and its receptor in human prostate cancer and preliminary stages. A highly increased
expression of IL-2 and its receptor was found in cells of prostate cancer compared to nor-
mal prostate tissue [114]. In general, the receptor IL-2R a-chain has been found to be
overexpressed in all prostate cancer stages which corresponds to increased proliferation,
drug resistance, transforming activities, and anti-apoptotic protein expression [79]. In hu-
man prostate cancer cell lines a correlation between androgen-sensitivity and growth in
response to IL-2 was found: androgen-sensitive cell lines showed enhanced proliferation
while androgen-insensitive cells were not effected [57]. There are several studies show-
ing in vivo an inhibitory growth effect of IL-2 to the Dunning prostate cancer system in
general and to the androgen-insensitive RAT-1 in particular [54, 53, 55, 70, 71]. For a
combined treatment of IL.-2 and irradiation (6 MV x-rays, total dose of 18 Gy in 3 frac-
tion), tumor growth was more efficiently reduced than by irradiation alone [71]. These
results demonstrate that conclusions based on observations made in patients or human cell

lines are not transferable to the Dunning system.

IL-2 signaling in intestine tissue

The IEC-6 cell line of the rat is a model for normal human intestinal epithelium [138].
The cell line has a functional IL-2 receptor [102] and is able to secret IL-2 which was
shown with LPS stimulation [87]. In addition, IL-2 enhances the proliferation of IEC-6
cells [126]. IL-2 treatment combined with radiation (4 Gy, fast neutron or 4, 8, 12 Gy
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rays) increased the proliferation of irradiated IEC-6 cells and induced enhanced expres-
sion of IL2-R (3-chain [37, 38].

Summary

It is confirmed by published data that both used cell lines (RAT-1 cells and IEC-6 cells)
have functional TGF/ receptors and are able to secret TGF/3. Moreover, the IEC-6 cells
express IL-2 and TNF« as well as the corresponding receptors. The three chosen cy-
tokines should cover acute and chronic inflammatory response which are expected to be

observed after irradiation.
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2 Materials and methods

2.1 Cell lines and culture conditions

2.1.1 Dunning R-3327-AT-1

In this work the sub-line R-3327-AT-1 (RAT-1) of the Dunning prostate cancer cell sys-
tem was used. The cell line was obtained from ATCC (No. JHU-29) in passage 31 (P31),
propagated, and stored in liquid nitrogen (P35). The cells were cultured in Roswell Park
Memorial Institute medium (RPMI) supplemented with 10% FCS and 100 U/ml peni-
cillin/100 pg/ml streptomycin (all Biochrom AG, Berlin, Germany) in 95% humidified
air at 37 °C and 5% CO,. The passage was done weekly with 5 x 10° cells in 75 cm? cul-
ture flasks with 15 ml culture medium. Therefore, the cell layer was flushed with 1.5 ml of
trypsin-EDTA-solution (0.05% trypsin, 0.1% EDTA, Pan, Aidenbach, Germany) and in-
cubated with 3.0 ml fresh trypsin-EDTA-solution for 4 min in the incubator. The trypsin
reaction was stopped by adding 10 ml culture medium. The cells were separated and
counted with an electronic particle size analyzer (Z2 Coulter Counter, Beckmann Coulter,
Krefeld, Germany) within the limits 9-26 pm before the cells were reseeded in desired

dilutions or numbers.

2.1.2 Intestinal epithelium cell line 6

The intestinal epithelium cell line 6 (IEC-6) was isolated from a male rat (rattus norvegi-
cus) and was established by Quaroni et al.. They suggested that IEC-6 cells are undiffer-
entiated small intestine crypt cells. The cells were obtained from ATCC (No. CRL-1592)
in passage (P) 13, were propagated, and long term stored in several vessels in liquid ni-
trogen (P15). For cultivation the cells were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% FCS, 50 U/ml penicillin/50 pg/ml streptomycin (all
Biochrom AG, Berlin, Germany), and 4.5 pg/ml insulin from bovine pancreas (Sigma
Aldrich, Germany) in 95% humidified air at 37 °C and 10% CO,. The cells were passaged
weekly with 3-4 x 10° cells in 75 cm? culture flasks with 15 ml culture medium. There-
fore, the cell layer was flushed with 1.5 ml of trypsin-EDTA-solution (0.25% trypsin,
0.02% EDTA, Pan, Aidenbach, Germany) and incubated with 3 ml fresh trypsin-EDTA-

solution for 7 min in the incubator. The trypsin reaction was stopped by adding 10 ml
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culture medium. The cells were separated and counted with an electronic particle size
analyzer (Z2 Coulter Counter, Beckmann Coulter, Krefeld, Germany) within the limits
9-18 pm before the cells were reseeded in desired dilutions or numbers.

To isolate clones from the IEC-6 population, the cells were seeded in 96-well plates with
a cell density of one cell/well in 200 pl medium. The fresh culture medium was mixed
with one-third of “old” culture medium from a passage to enhance the growth conditions
of the cells. A medium filtration was not performed, since no viable IEC-6 cells detach
and float in the medium. After one week every well of a 96-well plate was controlled for
colonies. Only from wells with definitely one colony were the cells trypsinized and trans-
ferred into 12.5 cm? culture flasks for continuing cultivation. The clones were propagated,
the chromosome number was determined, and the clones were stored in liquid nitrogen.
After defrosting, the clones were weekly passaged. The total cell number of the passage
was determined, added to the total cell number of the week before, and plotted against the
passage number. The slop of the linear fit could be considered as a “doubling time” and

allows a comparison of growth rates.

2.1.3 Co-culture

For co-culture experiments both cell lines had to grow in the same cell culture medium.
Therefore, the growth of IEC-6 cells and RAT-1 cells was tested in both culture mediums.
The comparative cell cycle analysis of RAT-1 cells and IEC-6 cells in DMEM medium as
well as in RPMI medium did not show an effect on both cell lines through the inverted
medium (see figure 2.1). The PE of RAT-1 cells in normal medium (RPMI) was tested to
be 38.6% while the PE in inverted medium (DMEM) was reduced to 28.2%. In contrast
to the decreased RAT-1 cell PE, the IEC-6 cells were not influenced by the medium. In
normal medium (DMEM) as well as in inverted medium (RPMI) the PE was constant
with 63.5% and 62.4%, respectively. For co-culture experiments IEC-6 cells and RAT-1
cells were cultivated in RPMI medium supplemented with 10% FCS and 100 U/ml peni-
cillin/100 pg/ml streptomycin in 95% humidified air at 37 °C and 5% CO,. The co-culture
were trypsinized with a trypsin-EDTA-solution (0.25% trypsin, 0.02% EDTA) and were
counted within the limits 9-26 ym with an electronic particle size analyzer.

The co-culture survival experiments were carried out with two different set-ups. In the
first experimental approach the cells were seeded 24 h prior to the experiment in 25 cm?
culture flasks (45 flasks/cell line). Therefore, the PE (see subsection 2.1.6) and the cell
doubling time was estimated, and an appropriate cell number was seeded. The doubling
time has to be integrated into the calculation since the cells double every 24 h (see fig-

ures 3.1 and 3.5). On the day of the experiment the cells were irradiated and afterward,
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Figure 2.1: Cell cycle distribution of RAT-1 cells and IEC-6 cells in normal and inverted medium.

Solid lines: RPMI medium, normal for RAT-1 cells, dashed lines: DMEM medium, normal for

IEC-6 cells

unirradiated cells were added. In the second approach, the cells were irradiated or mock-
irradiated in mono-cultures, trypsinized, and seeded together. In both experimental set-
ups the cells were seeded seven times in 25 cm? culture flasks for the clonogenic survival
assay (see subsection 2.1.6). Figure 2.2 shows the seeding scheme. The unirradiated
cells are depicted in dark blue and dark green, while the irradiated cells are shown in
light blue and light green. Mono-cultures of unirradiated and irradiated cells served as
controls. These samples are shown in the color combination blue or green with white.
The combination of irradiated and unirradiated cells of one cell line was not tested since
the resulting colonies can not be distinguished in irradiated or control cells. Instead of
full survival curves only three survival levels of RAT-1 cells were chosen (80%, 50%,
and 15%) corresponding to a dose of 1, 3, and 6 Gy of x-rays. The survival of IEC-6
cells, which results after x-ray irradiation with these doses, was determined to be 73%,
38%, and 6%. The x-ray doses were converted with the aid of RBE to carbon ion doses.
Table 2.1 gives an overview of the chosen survival levels as well as the corresponding
absorbed doses and energies.

For data analysis the survival of mono-cultures was normalized on the PE for mono-
cultures (PE,on0). The co-culture data points were normalized on the co-culture PE (PE,,)
of unirradiated IEC-6 cells and RAT-1 cells. When several experiments were performed
to one data point the mean values with their standard deviation were determined. If only

one experiment was performed, an error estimation was carried out as described under
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Figure 2.2: Seeding scheme for co-culture. RAT-1 cells are displayed in blue and IEC-6 cells
in green. Dark colors represent unirradiated cells while light colors show irradiated cells. The
mono-cultures (controls) are indicated with white fields.

Table 2.1: The table shows doses and beam energies used in co-culture experiments.

Survival levels [ %] Dose [Gy]

RAT-1 IEC-6 250 kVp x-rays '2C 100 MeV/u 2C 11.4 MeV/u
80 73 1.0 0.6 0.17

50 38 3.0 1.7 0.53

15 6 6.0 4.1 1.46

subsection 2.7.1. To analyze the possible co-culture effect the normalized co-culture sur-
vival was divided by the normalized mono-culture survival.

For cytokine experiments (see section 2.3) the cells were irradiated with O Gy and 6
Gy of x-rays or 1.46 Gy (11.4 MeV/u) of carbon ions. After irradiation the cells were
trypsinized, seeded with variable cell numbers, and cultivated in a 6-well plate/insert sys-
tem (Insert: PET membrane with 3.0 ym pore diameter, Greiner Bio-One GmbH, Ger-
many). The insert membrane is porous and allows the cell communication with soluble
factors via the medium. In this system different growth behavior between the plate and
the insert are possible. Therefore, both seeding possibilities were tested for a sample pair:
plat/RAT-1 cells + insert/IEC-6 cells and inverse. The x-ray irradiation was performed
twice and the cells were seeded with lower or higher cell numbers to clarify if the cell
numbers influence the cytokine production. The ratio of seeded RAT-1 cells to IEC-6
cells was ten to seven like the seeded cell numbers in colony forming assays (see sub-
section 2.1.6). At certain points during the experiment the cell culture supernatant was
harvested for cytokine measurements and centrifuged at 4 °C for 3 min at 300 g. The
supernatant was stored long-term at -20 °C. In parallel, the total cell numbers were de-

termined in the well and in the insert. For analysis, the measured cytokine amount in the
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Figure 2.3: Schematic drawing of 6-well plate/ insert system used in co-culture experiments. Left
panel: insert, right panel: 6-well plate with two inserts, [llustration: BD Biosciences, San Jose,
CA, USA; modified

supernatant were correlated to the cell numbers.

In a clonogenic survival assay (see subsection 2.1.6) the cells have partial direct cell to
cell contact. With the 6-well plate/insert system the direct cell to cell contact in co-culture
was excluded and the cytokines could only be mediated via cell culture medium. To mea-
sure if the direct cell to cell contacts are important for the cytokine secretion in co-culture,
the cells were seeded together in 6-well plates and the supernatants were handled as men-
tioned above. In a mixed suspension of both cell lines, a separated cell number for each
cell line can not be determined which is needed for data analysis. In a particle size an-
alyzer the cell histograms are congruent so that only the total cell number was detected.
To circumvent this problem one cell line was stained with the vital membrane labeling
fluorescent dye PKH67 (see subsection 2.4.2). In the flow cytometer the percentage dis-
tribution of the two populations (stained / unstained) were analyzed. In combination with
the total cell number of both cell lines the cell number of each cell line could be deter-

mined and correlated to the cytokine amount.

2.14 Cryopreservation

For order to preserve the cells long-term cells were stored in liquid nitrogen at -196 °C.
Therefore, the cells were trypsinized and pelleted by centrifugation for 10 min at 4 °C with
107 g. The medium supernatant was discarded, and the cells were resuspended in cooled
culture medium containing 20% FCS and 10% dimethyl sulfoxide (DMSO, Applichem,
Darmstadt, Germany) beside the normal medium components. 2 ml suspension with 1-2
x 10%/ml cells was transferred into cryotubes. The samples were frozen to -80 °C in pre-
cooled isopropanol vessels (Nalgene Cryo 1 °C Freezing Container, VWR, Germany) in
a controlled manner. After 24 h the tubes were transferred into liquid nitrogen.

For cultivation, the cells in the tubes were rapidly defrosted by shaking in a water bath
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at 37 °C. The cell suspension was transferred into a tube with 10 ml 4 °C pre-cooled
cell culture medium. To remove the DMSO the cells were pelleted by centrifugation for
10 min at 4 °C at 107 g. The medium supernatant was completely removed, the pellet
separated, and the cells reseeded in 15 ml normal culture medium pre-warmed to 37 °C

in 75 cm? culture flasks.

2.1.5 Growth curves

The cell doubling time tp was determined in growth curves. A growth curve is subdivided
in three phases of growth. In the initial lag-phase the cells attach after seeding and enter
the exponential phase when the cells proliferate with a constant cell doubling time. Fi-
nally, the cells reduce their proliferation when the growth area becomes limited and enter
the stationary phase (overview in reference [1]). In the experiments 1-5 x 10* cells were
seeded in a culture flask with 12.5 cm? or 25 cm? growth area. Over several days the total
cell number was determined in duplicates. In the exponential phase of the growth curve
the cell doubling time was determined with the GSI in house program gd (OM. Kréamer,
2003).

2.1.6 Clonogenic survival assay

To determine the cell survival rate after irradiation a clonogenic survival assay was per-
formed. After treatment the cells were trypsinized, separated, and counted before the cells
were reseeded in 25 cm? culture flasks. In addition, before counting RAT-1 cells needed
a centrifugation over 8 min at 521 g to remove trypsin from the cell suspension. The

inoculum (I) for cell seeding was calculated according to the following Eq.

N¢
(Nou-S - PE)’

I = 2.1)

whereas N is the colony number/culture flask which should grow, N, is the cell num-
ber/ml in the cell suspension, S the reduced survival after irradiation, and PE the expected
plating efficiency. The PE describes the percentage of cells which are able to proliferate
and form colonies with more than 50 daughter cells within a certain time interval. Since
the PE depends on the cell handling and the general status of the cells it has to be de-
termined in every experiment. For RAT-1 cell assays N¢ was 100 and the samples were

reseeded in triplicates. In IEC-6 cell experiments N was 70 so that the cells have to
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be reseeded in quadruplicates to achieve comparable colony statistics to RAT-1 cell ex-
periments. In co-culture experiments with IEC-6 cells and RAT-1 cells both N¢-values
remained constant but the flask number was increased to septuplicate with the objective
of increased statistic and detection of even small co-culture effects. RAT-1 cells and IEC-
6 cells were incubated for 11 days. After incubation the grown colonies were fixed and
stained. The staining procedure started by discarding the medium. The grown colonies
were fixed with 2 ml of 70% ethanol for 15 min at room temperature. The ethanol was
aspirated, and the colonies were stained with 3 ml threefold methylene blue (see annex)
for 8 min (RAT-1 cells) or 15 min (IEC-6 cells). The staining solution was discarded, the
culture flasks were washed with 3 ml purified water to remove surplus staining reagent,
and the samples were air dried under the fume hood. The stained colonies were counted
under a stereomicroscope. In the following Eq. the obtained PE is calculated whereas Ng
means the average of the resulting colony number/sample. In this case the sample is an

unirradiated control and the survival is assumed with one.

Ng
PE = ——— (2.2)
(]ml : le)
The survival of the irradiated cell samples has to be calculated according to the following

Eq. and has to be normalized on the PE.

(2.3)

2.1.7 X-Gal staining

X—Gal staining was used with IEC-6 cells for the detection of the enzyme [3-galactosidase
(3-gal) which is discussed to be a general indicator for cell senescence [28, 67]. Lee et al.
demonstrated that senescence-associated 3-galactosidase (SA-3-gal) corresponds to lyso-
somal (3-gal [82] which is consistent with the observation that senescent cells increased
the number of lysosomes [80]. Lysosomal (3-gal has its maximal enzymatic activity be-
tween pH 4 and 4.5 and clearly lower activity at pH 6 [92]. The unusually high activity of
[-gal in non-optimal pH is typical of senescent cells [46]. The indole derivative 5-bromo-
4-chloro-3-indolyl-3-D-galactoside (X-Gal) is an artificial substrate of the enzyme (3-gal.
When (3-gal cleaved the X-Gal a soluble and colorless indoxyl monomer is produced.
Two indoxyl monomers form a dimer which is oxidized on air. The resultant halogenated
indigo is a very stable and insoluble cyan compound [17]. For the staining 1 x 10° cells
in 2 ml culture medium were seeded in Petri dishes with a diameter of 3 cm 48 h before

the experiment. On the day of the experiment the medium was discarded and the cell
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layer was rinsed three times with 1 ml PBS™. The cell layer was fixed with 1 ml of a 3%
formaldehyde solution for 5 min at room temperature. To remove formaldehyde surplus
the cells were washed three times with 1 ml PBS™. The staining was performed with 3 ml
of X-Gal staining solution (see annex) for 18 h at 37 °C. Afterward, the staining solution
was removed, and the cell layer was rinsed three times with 1 ml PBS™. The analysis of
the air dried samples was performed under a stereomicroscope at which X-Gal positive

(blue-green colored cells) and negative cells were counted.

2.2 Chromosome preparation

Chromosome preparations were performed with IEC-6 cells and RAT-1 cells according
to standard techniques [61]. Therefore, 1 x 10° cells were seeded 48 h before the exper-
iment in 75 cm? culture flasks with 10 ml culture medium. On the experiment day 10 pl
colcemid/ml medium (Roche Deutschland Holding GmbH, Germany) was added to the
cells. Colcemid arrests the cells in mitosis by blocking the chromosome division through
the spindle apparatus. After 4 h of incubation the cells were trysinized and harvested. The
cell suspension was pelleted by centrifugation for 6 min at 204 g. The supernatant was
discarded, and the pellet resuspended by knocking. 5 ml pre-warmed 0.075 M potassium
chloride (KCI, Merck KGaA, Darmstadt, Germany) solution was added to the tube for a
duration of 8 min which induced chromosome swelling. The cells were again pelleted by
centrifuging for 8 min at 204 g. The supernatant was discarded. The pellet was resus-
pended by knocking, and 10 ml of fixative was added to the cells for a duration of 8 min.
The fixative is composed of 3 parts methanol and 1 part pure acetic acid. The cells were
incubated 30 min in fixative before the cells were pelleted by centrifuging over 10 min at
293 g. The fixative was discarded, the pellet resuspended by knocking, and the cells were
washed with 10 ml fixative. After an additional centrifugation step at 293 g for 10 min
the cells were resuspended in 1 ml fixative. The prepared suspension was dropped on wet
slides (purified water). After 24 h of air drying the slides were stained for 10 min in a 10%
Giemsa solution (Merck KGaA, Darmstadt, Germany) diluted with Soerensen buffer (pH
6.8, see annex) or were stained with the multicolor fluorescence in situ hybridization tech-
nique (see subsection 2.2.1). To remove surplus Giemsa solution the slides were washed
in purified water and dried with compressed air. For permanent conservation the slides
were sealed with Eukitt (Kindler GmbH & Co, Freiburg, Germany) and covered with a
thin cover slip. For each sample the mitotic index was analyzed in 6000 nuclei, and the

number of chromosomes per metaphase was determined in 300 metaphases.
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2.3 Detection of pro-inflammatory cytokines

2.2.1 Multicolor fluorescence in situ hybridization

The multicolor fluorescence in situ hybridization (mFISH) presents all chromosomes
of a metaphase simultaneously in a single hybridization. Thereby, five different fluo-
rochromes or a combination of the fluorochromes bind to the DNA and allow the analysis
and identification of inter-chromosomal exchanges which is not possible with Giemsa
staining (see subsection 2.2). Here the method was used to analyze the aneuploid IEC-
6 cell metaphases. The mFISH kits are available for human and mouse chromosomes
but not for rat chromosomes. An attempt was made to analyze the rat’s chromosomes
with a 21xMouse mFISH Probe Kit for mouse (MetaSystems, Altlussheim, Germany).
The chromosome samples were prepared as described under subsection 2.2. The mFISH
procedure was done according to the XCyte Lab Manual (manufacturer’s instructions)
including the RNAse pretreatment prior to the pepsin pretreatment but without post fixa-
tion after pepsin treatment. The cells was incubated with probe cocktail three days at 37
°C and prepared till the first detection step. After air drying the samples were counter-
stained with DAPI/Antifade (4’,6-diamidino-2-phenylindole, B-tect GmbH, Hannover,
Germany), covered with a slide, and stored protected from light at 4 °C. All concen-
trations of used solutions were consistent with the protocol of the manufacturer. The
stained metaphases were analyzed with a motorized and computer-controlled fluorescent
microscope equipped with a monochrome CCD-camera. The metaphases were excited
with UV-light (DAPI-channel) and were selected manually under a 100x objective. With
the software Ikaros & Isis version 5.0 (MetaSystems, Altlussheim, Germany) the auto-
matic filter change and sample exposition as well as image recording and processing were
controlled. Since mice have 21 and rats 22 different chromosomes the allocation of the

chromosomes has to be done manually for analysis.

2.3 Detection of pro-inflammatory cytokines

To detect the pro-inflammatory cytokines TGFj3, TNF «, and IL-2, different Sandwich
Enzyme-Linked ImmunoSorbent Assay (ELISA) detection kits from R&D Systems GmbH
(Heidelberg, Germany) were used. In a Sandwich ELISA an antigen specific capture an-
tibody is immobilized to the surface of a 96-well plate over night at room temperature.
The sample with an unknown amount of antigen was added for binding to the first anti-
body. A second antibody was added and formed a complex with the antigen. The second
antibody was coupled with a streptavidin-horse-radish-peroxidase-complex. The enzyme-
complex produces through binding to an enzymatic substrate a visible signal which indi-
cates the quantity of antigen in the sample. The detection of TGF{, TNF«, and IL-2
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was carried out in the cell culture supernatants of irradiated and unirradiated co-culture or
mono-culture samples of IEC-6 cells and RAT-1 cells. The procedure was carried out ac-
cording to the manufacturer’s instructions. All antibody and solution concentrations were
consistent with guidelines. The optical density was determined in a micro plate reader
(BioTek EL808, BioTek Instruments GmbH, Bad Friedrichshall, Germany) at 450 nm.
The wavelength correction was done with 570 nm. The data analysis was carried out with
EXCEL®.

2.4 Flow cytometry

2.4.1 Cell cycle analysis

For cell cycle analysis the cells were trypsinized, separated, and counted. A minimum of
1 x 10° to a maximum of 1 x 10° cells were centrifuged 8 min with 521 g at room tem-
perature. The supernatant was removed, and the pellet was resuspended in the reflux. The
cells were washed twice with 1 ml PBS™ (centrifugation 521 g, 8 min) and resuspended
in 1 ml ice cold 70% ethanol under vortexing for cell fixation. The prepared samples
could be stored for four weeks at -20 °C. Alternatively, the ethanol could be removed
after 1 h of fixation by centrifugation (521 g, 8 min). The cells were stained protected
from light at room temperature for a minimum of 30 min with 1 pug/ml DAPI in PBS™ be-
fore measuring. The samples were measured and analyzed with the flow cytometer PAS
III (Partec, Miinster, Germany) and the Windows™ based softwares FloMax® (Partec,
Miinster, Germany) and MultiCycle (Phoenix Flow Systems, San Diego, CA, USA).

The cell cycle of eukaryotic cells is subdivided in four phases (see figure 2.4). During the
M-phase, the chromosomes are condensed and therefore visible under a microscope. The
M-phase contains the mitosis (division of the sister chromatids) and the cytokinesis (cell
division). The mitosis itself is subdivided into the prophase, prometaphase, metaphase
(early mitosis), anaphase, and telophase (late mitosis). The M-phase is followed by the
interphase. The interphase contains the G-, S-, and G,-phase. In G;-phase the cells grow
and duplicate their organelles. In the following S-phase the DNA is duplicated. The final
dimension reach the cells in G,-phase before the cells enter the mitosis again. Some cells
left the cell cycle and stop dividing. This resting phase is called Gy-phase (overview in
reference [1]). Because of the similar DNA content a differentiation of the sub-phases
of the M-phase, a discrimination of M-phase and G,-phase as well as a differentiation
of Go-phase and G;-phase is not possible by using a flow cytometer for the cell cycle

analysis.
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Figure 2.4: Cell cycle phases of an eukaryotic cell [1], modified

2.4.2 Fluorescence membrane labeling with PKH67 and analysis

PKH67 (Sigma Aldrich, St. Louis, WO, USA) is a green fluorescent labeling dye which
integrates with its long aliphatic carbon tail into lipid regions of the cell membrane of
intact cells. The dye has an extinction maximum at 490 nm and an emission maximum
at 502 nm. The cell staining was performed with small changes, which are mentioned
below, according to the manufacturer’s instructions. The irradiated or unirradiated cells
were trypsinized, separated, and counted. The needed cell number was transferred into
a polypropylene tube, and the cells were pelleted at 400 g for 5 min. The supernatant
was discarded, the cells were resuspended in 5 ml PBS™, and centrifuged at 400 g for 5
min. The PBS™ was discarded, the reflux reduced to under 25 ul by pipetting, and the
cells were resuspended in 1 ml Diluent C. In a separate tube 2 pl or 8 ;] PKH67 staining
reagent per 1 x 107 cells were mixed with 0.5 ml Diluent C. All following steps were
done under conditions protected from light. The staining solution (PKH67 + Diluent C)
was pipetted into the cell suspension. The suspension was mixed well by pipetting and
incubated for 5 min at room temperature. During this time the PKH67 integrates into the
cell membrane. The reaction was stopped by the addition of 2 ml FCS for 1 min followed
by a centrifugation at 400 g for 5 min. The supernatant was discarded, and the cells were
resuspended in 10 ml culture medium. The medium wash step was repeated three times
before the cells were counted and reseeded in desired dilutions. The cells were grown
protected from light for several days. At various points in time the cells were trypsinized,
counted, and prepared for flow cytometer analysis. Therefore, the cells were pelleted at
521 g for 8 min. The supernatant (cell culture medium) was discarded. The cells were
fixed 15 min in 2% paraformaldehyde (PFA) or 15 min in 70% ethanol. The fixative was
removed by centrifuging at 521 g for 8 min. The cells were washed once with 5 ml PBS™,

centrifuged at 521 g for 8 min, and resuspended in 2 ml PBS™. The auto-fluorescence of
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the non stained cells was high enough and a counter staining against e.g. the DNA was
not needed. The stained samples were measured with the argon laser (488 nm) of the flow
cytometer PAS III (Partec, Miinster, Germany). The data analysis were done with the
Windows™ based software FloMax® (Partec, Miinster, Germany) and and MultiCycle
(Phoenix Flow Systems, San Diego, CA, USA) and the GSI in house program gd (OM.
Kriamer, 2003).

The PKH67 staining was performed with different dye concentrations (2 pl or 8 ul PKH67/
1 x 107 cells), and the stained cells were measured alive in the flow cytometer. Figure 2.5
demonstrates that 2 ]l PKH67 was adequate to stain the cells and allow a differentiation
between stained and unstained cells (black curve, cross symbol). The amount of dye in
the cell membrane is reduced with every cell division. Therefore, the number of less or
unstained cells increased in a PKH67 stained samples with time. For an observation pe-
riod of four days the dye concentration of 2 ul PKH67/ 1 x 107 cells was not high enough
to distinguish between the stained and unstained cells (cyan curves, cross symbol). The
enhanced PKH67 concentration (8 p1 PKH67/ 1 x 107 cells) was more sufficient in that
way that after four days the two populations were still dividable by their fluorescence
(cyan and black curves, open circle).

For some applications, e.g. long-term storage, it is advantageous to fix the samples and
prolong the time interval in which the sample could be measured with reproducible re-
sults. Two solutions are tested for the fixation: ethanol and PFA. In figure 2.5 is displayed
that through the ethanol fixation (green curves, open or closed circle) the homogeneous
peak of stained samples (black curve, open circle) is destroyed while the signal of fixed
and unstained samples (black curve, closed circle) was shifted to lower signal intensi-
ties. The PFA fixation (red curves, open or closed circle) had very small influences on
the staining (black curves, open circle, minimal peak shift) and should be the preferred
agent. The great differences between the living IEC-6 cells (black curve, closed circle)
and the PFA fixed cells (red curve, closed circle) results from an iniquitous separation of
the living IEC-6 cells. The PFA fixed samples could be stored over eight weeks at 4 °C
without signal loss. Over all, the staining with PKH67 needs to be optimized for each cell

line but the method openes interesting analysis options.

2.5 Hypoxia chamber

Because oxygenation within tumors plays an important role in the outcome after treat-
ment the simulation of different oxygenation situations with cell cultures could help to
understand the underling mechanism and to collect data for treatment planning systems.

For this purpose a hypoxia chamber was established to irradiate cell cultures with x-rays
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Figure 2.5: PKH67 stained or unstained IEC-6 cells and RAT-1 cells. In black: living cells, in
red: PFA fixed cells, in green: ethanol fixed cells, in cyan: growth for 96 h after treatment, PFA
fixed, closed circle: unstained, cross: 2 ul PKH67/ 1 x 107 cells, open circle: 8 ul PKH67/ 1 x 107
cells

and heavy ions, especially carbon ions, under defined oxygen conditions. The hypoxia
chamber and the sample ring were developed in the diploma thesis of C. Schicker which
was supervised by W. K.-Weyrather and C. von Neubeck [117]. The results of the thesis
were patented in references [118, 119]. Further details of the construction are reported in
Schicker [117]

2.5.1 Construction

The hypoxia chamber was milled out of one piece of polyetheretherketone and has the
external dimensions of 90 x 74 x 57 mm (length x width x height). The front wall is
reduced to 1 mm thickness which is the so called irradiation window. On both side
walls a female hose coupling was screwed which could be made penetrable by plugging a
male coupling (both neoLab, Heidelberg, Germany). The coupling next to the irradiation
window was used for the gas inlet and the other for the gas outlet. The top cover was made
of transparent polymethyl methacrylate which allows position control of the sample. In
the middle of the top cover and on the bottom of the chamber a chamfer was milled which
fixes the cell samples in the correct position during the experiment (see subsection 2.5.2
and figure 2.6). With four screws and an additional O-ring (Dichtungstechnik Bensheim

GmbH, Bensheim, Germany) around the top cover the chamber could be closed air tight.
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Figure 2.6: Hypoxia chamber with sample ring.

2.5.2 Cell samples and handling

For experiments in the hypoxia chamber the cells had to grow on a special foil. The
bioFolie 25 (In Vitro Systems & Services, Gottingen, Germany) is permeable for gases
such as CO; (2.2 umol/cm?h) and O, (6.3 pmol/cm?h). Cell adhesion is possible on the
hydrophilic side of the foil. For experiments the bioFolie 25 was cut into circles (& 44
mm), sterilized in 70% ethanol for 15 min, and air dried. With high viscous silicon paste
(Baysilone, Bayer AG, Leverkusen) the foil was bond on a sample ring to form a “Petri
dish”. The sample ring was made of polyvinyl chloride, has a thickness of 3 mm, and a
radial through boring which is closed with silicone paste or a little screw. 48 h prior to
the experiment 3 x 10* RAT-1 cells in 1 ml culture medium were seeded on the foil-Petri
dish. On the day of the experiment, a second foil was stuck with silicon paste on the
ring to generate a sterile volume in-between the two foils. The sample ring was fixed

in a retaining bracket with the radial through boring on top (see figur 2.7). The volume

Radial boring

| |
- | ? ' &
Cells and medium
enclosed by bioFolie 25

Figure 2.7: Retaining bracket with fixed sample ring.

created by the two foils was filled with 1.4 ml of fresh culture medium, and the through
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boring was closed with silicone paste. The cell sample ring was inserted into the hypoxia
chamber with the cell layer in direction of irradiation window (see subsection 2.5.1). For
more details see reference [117]. The cell samples in the hypoxia chamber were aerated
with pure N, for test measurements or 95% N,/ 5% CO, (Linde AG, Pullach, Germany)
for experiments. After irradiation the cell sample was removed from the chamber, and the
cells were analyzed in a clonogenic survival assay. Therefore, the foil without cells was

removed, the medium discarded, and the cell treated as described under subsection 2.1.6.

2.5.3 Gassing modalities

The cell samples in the chambers were aerated with different gas mixtures to reduce the
oxygen in the gas phase and in the culture medium under controlled conditions. The
partial O, pressure was measured with an optical O, micro sensor (Needle-Type Housing)
and a measuring instrument Microx TX 3 (both PreSens, Regensburg, Germany). The gas
flow was measured with a thermal mass flow meter calibrated for nitrogen (1000 ml/min
N, red-y compact meter GCM, Vogtlin instruments AG, Aesch, Switzerland). Through
the usage of nitrogen based gas mixtures a measurement error of 3% should be taken into
account beside the instrumental error of 1% (total error 3.2%, error estimation Vogtlin
instruments AG). The time interval to achieve hypoxic conditions (tyy,) 1s dependent on
the gas flux and was determined with five in-line connected hypoxia chambers. A pure
nitrogen flow of 100 ml/min replaces the air in the chambers within 5.54 min. To simulate
experimental conditions the chambers were loaded with sample rings which were filled
with purified water. A flow of 100 ml/min, 150 ml/min, and 200 ml/min pure nitrogen
corresponds to tpy, values of 164.4 min, 150.2 min, and 86.2 min, respectively. The
experimental protocol for the cell experiments were defined to be a 2 h gassing with 200
ml/min which take into account the device error of 3.2%, the chamber flushing time of

5.54 min, and the time to achieve hypoxia conditions in the chambers.

2.6 Cell irradiation procedure

All irradiation experiments were performed with asynchronous proliferating cell cultures
in culture flask, Petri dishes or on bioFolie 25 for experiments in hypoxia chambers. In
every experiment unirradiated control cells (O Gy) for determining the PE were seeded,

incubated, and handled under the same conditions like the irradiated samples.

X-ray irradiation

The x-ray irradiation was performed with the x-ray machine Isovolt DS1 (Seifert, Ahrens-
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berg, Germany). The accelerating voltage was set to be 250 kVp with a cathode current
of 16 mA. At the beam exit window a filter system of 7 mm beryllium, 1 mm aluminum,
and 1 mm copper absorbed the long wave part of the radiation. The dose and the dose
rate were detected by a dosimeter (SN4, PTW Freiburg, Germany). The irradiation was
performed with a dose rate of 1.3 to 4.0 Gy/min at room temperature while the absorbed

doses were between 0 to 27.0 Gy.

Carbon irradiation

The GSI's Universal Ion Linear Accelerator (UNILAC) accelerates the carbon ion up to
20% light velocity, and the following heavy ion synchrotron (SIS) enhances the acceler-
ation to 90% light velocity. For experiments at UNILAC the cells were cultured in 3 cm
Petri dishes and were irradiated in Petri dish compatible magazines. The stopping carbon
ions had a primary energy of 11.4 MeV/u and 9.8 MeV/u on target with the correspond-
ing LET of 170 keV/um. The applied doses were in the range of 0 to 3.5 Gy. A detailed
description of the irradiation procedure and dosimetry is given elsewhere [76]. After ir-
radiation the Petri dishes were removed from the magazines under sterile conditions. In
every Petri dish the inner border was cleaned with a sterile cotton bud. This has to be
done since the Petri dish is irradiated in a vertical position, and a medium drop is formed
at the bottom of the inner border. In the medium drop the ions stopped and do not hit the
cells. With the wiping step all unirradiated cells are removed.

For irradiation at SIS facility the cells were cultured in 25 cm? culture flasks which were
completely filled with culture medium and sealed with an additional parafilm strip (Amer-
ican National Can Group, San Diego, CA, USA). The cells were irradiated with inten-
sity modulated raster scanning technique as described in detail elsewhere [50]. Mono-
energetic fields with a primary energy of 100 MeV/u or 270 MeV/u were delivered (LET:
28 keV/pm and 13 keV/um, respectively). These energies were reduced to energy levels
of 93.2 MeV/u and 267 MeV/u on target (LET: 27.9 keV/um and 13.7 keV/um, respec-
tively) due to the ion traversal through the detector system and the culture flask bottom in
the beam line (1.3 mm water equivalent thickness). The applied doses were in the range
of 0 to 8.0 Gy.

Samples in the hypoxia chamber were irradiated with a spread out Bragg peak (SOBP) of
1 cm thickness with a dose-averaged LET (LET) of 100 keV/um. The applied doses for
oxic samples were 0 to 3.0 Gy and for hypoxic samples O to 5.4 Gy.
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2.7 Statistical data analysis

2.7.1 Error estimation for survival experiments

The PE (see Eq. 2.2) of unirradiated control samples was determined in every survival
experiment and it defines the 100% survival level for a specific experiment. All irradi-
ated samples of this specific experiment have been normalized to this value according to
Eq. 2.3. The ratio of sample numbers of unirradiated controls to irradiated samples was
in all experiments described smaller or equal to 1:4.

In the following paragraph the error estimation for survival experiments is presented
within two different cases and explained. In the first part, the error estimation for complete
survival curves is presented while in the second part, the error calculation for isolated sur-
vival values or experiments, which are done once is shown. The error calculation for the
survival experiments with multiple samples has been carried out as followed. The average
survival S of the survival values Sy, S, ..., S, corresponding to one dose was calculated as
well as their standard deviation o5 and their standard error of the mean SEMyg in which

the number of samples is given by n.

_ ! Z (2.4)

n :
05 = |~ Z (2.5)
SEM: = 75 (2.6)

NG

From the linear-quadratic fit to the survival data the parameters « and 3 were determined

with their averages @ and 3 as well as their standard deviations o, and 0.

Go= | — > (o —@)? 2.7)

o5 = | ——= (8~ B 2.8)

For the radio-resistance parameter o//3 the relative error o,/g was performed according to
Eq. 2.9.
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Aa/f = Z‘;/g = \/@f - (%)2 (2.9)

The error estimation for survival experiments which were done once was developed [136].
The survival within the linear-quadratic model is given by Eq. 2.10, and E is the associated
effect as defined in Eq. 2.11.

S = e~ (@D+AD?) (2.10)
E =aD + gD? (2.11)
The error is on the one hand influenced by the fluctuation of the data points around the

individual survival curve (Es) and on the other hand changed by the variation of the en-
semble of the curves (E, 3). The error contributions of E sum up to AE in Eq. 2.12.

AE = /AE% + AE? (2.12)

The first factor contributing to the error is caused by the fluctuation of survival levels
around their corresponding linear-quadratic curve. The associated error A Fg is calculated

as the standard deviation of the measured effect levels F; of unirradiated samples.

ABg— | > (B, - E)? (2.13)

n—14
=1

Inserting Eq. 2.11 in the definition of the standard deviation resulting in Eq. 2.14.

ABq 5= 1/03D? = 202 ;D% + 03D (2.14)

The factors o,, and o3 were determined according to Eqs. 2.7 and 2.8 at which beam and
energy dependent mean « and (3 values were determined to @ and 3. For the calculation
of the curve fluctuation E,, s it was assumed that o and /3 are inversely correlated. The

values were joined in Eq. 2.15 to calculate the third parameter o, g.

Z[(ai ~@)(6i — B)] (2.15)

32



2.7 Statistical data analysis

Table 2.2: The table shows the error percentage of survival for selected doses calculated with error
propagation for x-rays and two carbon ion energies.

Cell line Dose [Gy] 250 kVp x-ray  '2C 100 MeV/u 2C 11.4 MeV/u
RAT-1 0 9.3 9.3 9.3

1 10.6 10.2 9.4

3 17.8 17.4 10.1

6 41.3 64.1 14.6
[EC-6 0 12.0 12.0 12.0

1 13.3 14.8 12.0

3 19.3 27.4 12.5

6 32.8 62.6 15.3

The upper and the lower error limits of the survival were calculated according to Egs. 2.16
and 2.17. The error limits have almost equal distances to the mean survival. Henceforth,

the error interval was regarded to be symmetric with respect to the mean survival values.
S = e (FEAE) (2.16)

~(E-AE) _ ,—(BE+AE)

SQ pper Slo er e
AS = w =
2 2

In table 2.2 the error percentage of survival for selected doses is shown. Both cell lines

(2.17)

show in principle similar error values. The values increased with increasing doses due to
higher uncertainties and variances in the survival levels to higher doses. This biological
effect is expressed by the term o3 D* in Eq. 2.14. Overall, the errors of 11.4 MeV/u irra-
diation are smaller than the other irradiation error since the 3 containing terms converge

to zero.

2.7.2 Calculation of RBE

The effect of different beam qualities on cells can be compared with the relative biological
effectiveness (RBE). The RBE value calculation for RAT-1 cells and IEC-6 cells differs
since the radio-resistance of RAT-1 cells stays stable and the radio-resistance of IEC-6
cells against x-rays increases clearly with cultivation time as discussed in section 4.2.

This causes changing « values for x-ray irradiation and higher doses for 10% survival
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levels. It was not possible to detect this behavior also for carbon ions irradiation due to
the limited amount of data. In the following, the calculation of errors for both cell lines is

described.

RAT-1 cells

For every survival curve the parameters o and (3 as well as their average @ and (3 were
determined for different energies and beams. Likewise, the standard deviation o4 and 03
were calculated. The RBE,, was determined according to Eq. 1.5 and the relative error of

RBE, was done according to Eq. 2.18.

ocRBE On2 On2
ARBE, = 2=, = = 2.18
RBEa Q ion + a z—ray ( )

The RBE for 10% survival (RBE,() was calculated according to the same formalism as
used for RBE,, with the doses for 10% survival.

ARBEDH) =

RBE 2 2
g 10 \/UDIO + 0D10 (219)

RBEH] n DlO on DlO r—ray

IEC-6 cells

For carbon ion survival curves the parameter o was determined with its means and stan-
dard deviations as described for RAT-1 cells. For x-ray survival curves the « values were
plotted versus passage number and fitted by a line, see figure 2.8. The error of « was set to
be the 68% confidence interval. At the mean passage number of the performed carbon ion
experiments (17.67) the o value with its deviation was evaluated (0.354 4 0.021). The
RBE for 10% survival was calculated along the lines of RBE,, with the doses for 10%
survival. The determined D, at passage number 17.7 was 5.0 4= 0.13 Gy.

2.7.3 Analysis of chromosome samples

For each chromosome sample 300 metaphases were analyzed according to their chromo-
some numbers. Furthermore, the mitotic index in 6000 cells per sample was counted.
From the received data a weighted mean m and a weighted standard deviation o,, for
chromosome numbers or mitotic index, were calculated according to the following Egs.,

where x is the data and w the weights with ) . w; = 1.

. > Tiw;
= —Z o, (2.20)

m
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Figure 2.8: o values and D¢ of IEC-6 cell x-ray survival curves. The vertical line indicates the
mean passage number of performed carbon ion experiments. Closed circles: serum batch I, open

circles: serum batch II

(2.21)
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3 Results

3.1 Characterization of rat adenocarcinoma cell line R-3327-AT-1

The adenocarcinoma cell line R-3327-AT-1 (RAT-1) is a fast growing, androgen- and
estrogen-insensitive, and anaplastic tumor of the Dunning system ([65], see subsection 1.3.1).
For experiments RAT-1 cells from the stock in P35 were defrosted and passaged once a
week in RPMI medium with phenol red as pH indicator and the passage was numbered
consecutively. The pH of the RPMI medium decreased between two passages which was
optically detected by a color alteration from red-violet to light orange of the pH indicator.
Figure 3.1 shows the cells three days and six days after seeding. A confluent cell layer
could not be achieved since the cells start to grow in multilayer and pile up in cell clusters
at 70% confluence. A separation of the cells was not possible after three days growth of
clusters. The cell doubling time t, was determined in growth curves and was calculated
to be 21 £ 2 h in the exponential phase of the growth curve. The tp remained stable over
the whole passage period (see figure 3.1).

The cell cycle distribution of RAT-1 cells in P38 is presented in figure 3.2. The ex-

hFr——T 7

[—®-P38, tp = 21 h
o | P38, t, =23 h
A= P40, t, = 19 h
F-P52, tp = 19 h
[-¥-P60, tp = 23 h

0 20 40 60 80 100 120 140
Time [h]

Figure 3.1: Left panel: RAT-1 cells three days and six days after seeding in culture flask. Magni-
fication ~ 20x Right panel: Growth curves of RAT-1 cells in culture flasks. The passage number
P and the doubling time tp is given for each curve.

periment was performed in duplicates over five days after mock irradiation and 250 kVp
x-ray or 11.4 MeV/u carbon ion irradiation which reduced the cell survival to 10%. In the
first twelve hours after irradiation a G,-block was induced in the irradiated samples. The
maximum of the G,-block is between five and eight hours. The x-ray and the carbon ion

irradiated cells accumulate to 41% in G,-phase while in the control sample only 29% of
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Figure 3.2: Cell cycle distribution of RAT-1 control cells and after 250 kVp x-ray or 11.4 MeV/u
carbon ion irradiation to 10% survival level in P38.

the cells were enriched in G,-phase. At later points in time the irradiated samples were
not distinguishable from the control cells. At the end of the observation period 76% of
the control cells accumulated in G;-phase which indicates a limitation of growth area or
nutrient in culture flask and an accompaning proliferation stop. 57% of the carbon ion
irradiated cells and 61% of the x-ray irradiated cells were in G;-phase after 120 h in cul-
ture. This indicates that the irradiated cultures did not reduce their proliferation since the
cell numbers of growing cells were lower and no space or nutrient limitation took place.

Tumor cells often show variation in chromosome numbers (aneuploidy) and growth prop-
erties. To exclude possible large shifts of the chromosome distribution and/or a change
in the mitotic index (MI) a chromosome analysis was performed with two individual cell
batches from stock in P35 over several passages. Figure 3.4 shows the metaphase analysis
of both cell batches where each small panel represents 300 metaphases of one passage.
For illustration figure 3.3 shows two metaphases of RAT-1 cells. There was no detectable

variation in the chromosome distribution, and small differences are due to statistical rea-
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Figure 3.3: Metaphases of RAT-1 cells with 62 (left) and 64 (right) chromosomes,
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Figure 3.4: Histograms of karyotype distribution per metaphase in RAT-1 cells with time in cul-
ture. Every small panel is the analysis of 300 metaphases.

sons. For every passage a weighted average chromosome number was calculated. Out

of these average chromosome numbers a mean chromosome number for RAT-1 cells was

calculated to be 58.9 + 9.5. Table 3.1 shows the average chromosome numbers beside the

corresponding MI. The MI for a passage was determined in 6000 cells, and a weighted

mean was calculated. As it can be seen the indexes do not vary essentially and the calcu-

lated mean MI was 11.7 £ 1.1%. More details on calculations can be found in section 2.7.
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Table 3.1: Analysis of two individual RAT-1 cell batches in different passages. The weighted
chromosome number (WCN) with its weighted standard deviation (A WCN) was calculated in
300 cells and the mitotic index (MI) with its weighted standard deviation (A MI) was determined
in 6000 cells.

Passage WCN AWCN MI [%] AMI
Cell batch 1
P38 58.8 8.9 9.1 0.9
P43 59.9 7.1 13.2 0.2
P48 57.9 7.8 12.9 0.7
P53 56.8 8.6 13.1 0.8
P57 57.4 8.4 10.3 1.0
Cell batch 2
P39 62.3 11.4 15.5 3.2
P40 56.4 10.6 6.0 1.3
P42 60.0 5.2 11.1 0.7
P44 60.4 14.5 13.3 0.5
P46 58.8 12.2 12.0 1.3
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3.2 Characterization of intestinal epithelial cell line 6

3.2 Characterization of intestinal epithelial cell line 6

The intestinal epithelial cell line 6 (IEC-6) of the rat is a common model for normal
human intestinal epithelial biology [138] (see subsection 1.4.1). After defrosting the sub-
cultivation of ICE-6 cells was done once a week. Figure 3.5 shows the cells three days
and seven days after seeding in culture. The cells underlie contact inhibition and start to
die and detach after one day growth in a confluent cell layer.

For cell line characterization the doubling time tp was derived from growth curves. For
an explanation of the method see subsection 2.1.5. The resulting graphs are plotted in
figure 3.5 and tp is given for every passage. With time in culture and with increasing
passage number tp decreased from 36 h to 17 h.

-P16,
-p17,
-P19,
-P20,
Fe-p22,
F®-p2,
[~ P2g,

- P37,

Figure 3.5: Left panel: IEC-6 cells three days and seven days after seeding in culture flasks.
Magnification ~ 20x, Right panel: Growth curves of IEC-6 cells in culture flasks. The passage
number P and the doubling time tp is given for each curve.

The cell line was further investigated with a cell cycle analysis. In every second passage
(P16, P18, P20, P22, P24) cells were measured according to subsection 2.4.1. In fig-
ure 3.6 the cell cycle analysis of two different samples is shown. The upper two panels
were prepared with cells in P16 while the lower two panels were cells in P20. It became
obvious that the IEC-6 cell culture developed several sub-populations with age. The sub-
populations seem not to have integer multiples of the normal DNA content. The peak
analysis was not possible since too many sub-populations were present and their peaks
overlapped.

Simultaneously the cell cycle distribution of IEC-6 cells in P17 was analyzed in dupli-
cates over five days after mock irradiation and 250 kVp x-ray irradiation which reduced
the survival rate to 10% (see figure 3.7). In the first twelve hours after irradiation a G,-
block is induced in the IEC-6 cells. The maximum of the G,-block occurred after nine

hours at which 38% of the irradiated cells accumulated compared to 22% in the control
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Figure 3.6: Cell cycle distribution of IEC-6 cells in P16 and P20

cells. At later pojnts in time the x-ray irradiated samples were not distinguishable from
the control cells. At the end of the observation period 70%of the control cells compared
to 60% of the x-ray irradiated cells accumulated in G;-phase due to limitation of growth
area or nutrient in culture flask and an accompaning proliferation stop. Further investiga-
tions to analyze the cell cycle were not made because of the developing sub-populations
and the concomitant analysis problems.

The cell cycle analysis over several passages leads to the questions of chromosome sta-
bility and senescence of the IEC-6 cell line. For identification of senescent cells a X-Gal
staining was performed as described in subsection 2.1.7. In sub-confluent IEC-6 cell sam-
ples no positive X-Gal staining was found from P16 to P24. In areas of confluent growth
a light green staining was partially detected. The weak positive signal was probably in-
duced by contact inhibition of the cells and was not scored.

A chromosome analysis was performed to identify possible sub-populations and to en-
sure that there were no cross contaminations with other species in the cell line. Figure 3.8
shows two examples of IEC-6 cell metaphases. In figure 3.9 the chromosome analysis
of two individual IEC-6 cell batches over several passages is shown. Each small panel
represents the analysis of 300 metaphases. The normal karyotype of rat cells (rattus
norvegicus) is 2n = 42. A mean chromosome number of 42 could only be counted in very
early passages (P15 to P18). At later points in time the weighted chromosome number
(WCN) increased dramatically but differently in the two cell batches. Table 3.2 shows
in detail the changing progression of cells with 42 chromosomes. In both cell batches
the percentage of cells with 42 chromosomes decreased rapidly and the amount of cells
with more than 42 chromosomes increased dramatically until nearly all cells showed an

abnormal karyotype. After P20 a sub-population with 53 chromosomes appeared in both
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Figure 3.7: Cell cycle distribution of IEC-6 control cells and after 250 kVp x-ray irradiation to
10% survival level in P17, duplicates

Figure 3.8: Metaphases of IEC-6 cells with 42 (left) and 54 (right) chromosomes,
magnification ~ 700x

batches which might indicate that this karyotype has a growth advantage. Tetraploid cells
developed in both batches but with alternating frequency. Due to the weekly passage, a
cell selection process takes place which could induce these statistical fluctuations. The
cell line seems to have the tendency to develop tetraploid cells. Table 3.2 shows the cor-
responding mitotic indexes (MI) for the analyzed chromosome samples which increased
slowly with culture time in parallel to the abnormal karyotypes. These results show a ge-

netic alteration of the IEC-6 cell line which might have influences on the radio-resistance.
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Table 3.2: Analysis of two individual IEC-6 cell batches according to their mitotic index (MI) and
weighted chromosome numbers (WCN) with regard to metaphases with 42 chromosomes. For
every passage the MI with its standard deviation (A MI) was determined in 6000 cells and the
WCN with its weighted standard deviation (A WCN) was calculated in 300 IEC-6 cells. The last
three columns name the percentage of metaphases with 42, less or more than 42 chromosomes at

which N is 300.

Passage MI [%] AMI WCN AWCN %N %N 90N
=42 <42 >42

Cell batch 1
P15 6.5 0.8 42.2 6.9 37.7 323 30.0
P19 11.4 0.5 47.4 11.4 15.0 23.7 61.3
P26 8.7 0.8 46.9 7.2 3.3 12.3 84.3
P30 14.7 0.5 47.4 3.1 2.3 4.7 93.0
P34 18.3 0.7 49.6 3.7 1.0 2.0 97.0

Cell batch 2
P16 6.5 1.1 41.8 33 29.3 42.3 28.3
P18 7.3 0.4 42.1 54 26.0 44.0 30.0
P20 10.4 0.2 45.7 6.7 17.7 23.7 58.7
P22 15.7 0.6 49.4 6.9 4.3 6.3 89.3
P24 10.9 0.4 63.6 20.0 0.7 2.0 97.3
P26 14.8 0.4 68.3 20.4 2.7 1.7 95.7
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Figure 3.9: Histograms of karyotype distribution in metaphases of IEC-6 cells with time in culture
indicated by passage number. Each small panel is the result of 300 analyzed metaphases.

3.3 Survival experiments

3.3.1 RAT-1 cells: radio-resistance against 250 kVp x-rays

To determine the radio-resistance of RAT-1 cells against 250 kVp x-ray irradiation the
cells were seeded in culture flasks three days prior to the experiment, irradiated with
doses between 0 to 10 Gy, and reseeded in culture flasks with expected 100 surviving
cells for a colony forming assay. Figure 3.10 shows ethanol fixed and methylene blue
stained colonies after eleven days of growth. The morphology of RAT-1 colonies differs
even in control samples but in all cases the cells showed an intense blue color. The cell
survival rate was calculated as described under subsection 2.1.6 and semi-logarithmically
plotted against the dose. Figure 3.11 shows the cumulative x-ray curve (closed circles) of
seven individual experiments. The mean « value was calculated to be 0.174 4 0.052 Gy™!
while th mean 3 value was 0.026 £ 0.010 Gy of the cumulative curve. The resulting
o/ 3 ratio was 6.8 + 0.5 Gy which characterizes the cell line as moderately radio-resistant.
The mean dose for 10% survival was 7.0 £ 1.4 Gy.

The colony forming assay for RAT-1 cells contained a centrifugation step before the cells
were reseeded (see subsection 2.1.6). In figure 3.11 one experiment which was done
without centrifugation is shown (curve with open circle). The comparison of the two
curves shows that the cell survival rate decreased stepply for high doses when the cells

were not centrifuged. This can be explained by the influence of the trypsin in the cell
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Figure 3.10: RAT-1 cell colonies: ethanol fixated and methylene blue stained, magnification ~
10-20x

~O-not centrifuged

o1k @~ cummulativ curve
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Figure 3.11: Survival curves of 250 kVp x-ray irradiated RAT-1 cell. Closed circle: experiment
protocol with centrifugation, n=7, open circle: experiment protocol without centrifugation, n=1

suspension. For high irradiated cells a greater inoculum volume is needed to seed 100
expected surviving cells compared to lower irradiated cell samples. In consequence, a
higher concentration of trypsin is retained in the medium for the colony forming assay.
The higher trypsin content lead to additional cell death. Therefore, a centrifugation step
was needed to remove the trypsin from the cell suspension and to detect only the reduced

survival caused by irradiation.

3.3.2 RAT-1 cells: radio-resistance against carbon ions

For irradiation at SIS facility the cells were seeded in culture flasks while for irradiation at
UNILAC facility Petri dishes were used for cell seeding. The cell preparation after irradi-
ation was carried out similarly to x-ray experiments. Figure 3.12 shows the cell survival
curves of four individual experiments after irradiation with carbon ions of 270 MeV/u,

100 MeV/u, and 11.4 MeV/u, respectively. Table 3.3 shows the corresponding fit pa-
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Table 3.3: RAT-1 cells: « and (3 values as well as ratio /3 and D of carbon ion survival curves.
The values are averages from four individual experiments with standard deviation.

Energy Q@ A« I} Ap ol Aol Dy ADyy
[Gy'l [Gy'l [Gy?] [Gy?] [Gyl I[Gyl [Gyl I[Gy]

270 MeV/u 0.197 0.087 0.031 0011 64 0.6 6.02 046

100 MeV/u 0292 0.069 0.034 0.006 8.6 0.3 499 030

11.4 MeV/u 1.237  0.077 1.87 0.12

rameters of the linear quadratic model. The mean PE of RAT-1 cells were determined to
be 0.446 with its standard deviation of 0.113 and its SEM of 0.026 out of all irradiation

experiments (n=19).

Dose [Gy]

Figure 3.12: Survival curves of RAT-1 cells after carbon ion irradiation with different energies:
270 MeV/u (black), 100 MeV/u (red), and 11.4 MeV/u (green). The mean survival values with
their standard deviation are given, n=4.

3.3.3 IEC-6 cells: radio-resistance against 250 kVp x-rays

To determine the radio-resistance of IEC-6 cells against 250 kVp x-ray irradiation the
cells were seeded three days before the experiment in 25 cm? culture flasks, were irra-
diated with doses between 0 to 10 Gy, and reseeded in culture flasks with expected 70
surviving cells in a colony forming assay. After eleven days of growth the cells were
fixed with ethanol, methylene blue stained, and the colonies were counted manually. The
IEC-6 cell colonies showed a uniform morphology and were weakly blue colored (see
figure 3.13). Figure 3.14 shows three and four independent x-ray curves, respectively, of
two different IEC-6 cell batches (A1, A2). In the left panel IEC-6 cell batch A1 was irra-
diated in P19, P25, and P28 and in the right panel the IEC-6 cell batch A2 was irradiated

47



3 Results

Figure 3.13: Colony of IEC-6 cells: ethanol fixated and methylene blue stained,
magnification ~ 20x
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Figure 3.14: Survival curve of IEC-6 cells irradiated with 250 kVp x-rays

in P16, P20, P22, and P24. Cell batch A2 increased the radio-resistance with ongoing pas-
sage number, while cell batch A1 underwent no changes in radio-resistance. Because of
the systematic shift, an average v and 3 values over all performed irradiation experiments
was not calculated. Table 3.4 shows the v and 3 values of the individual experiments. The
« and [ values of cell batch A2 do not reflect the increasing radio-resistance. During the
experimental phase of this work the cell culture serum was consumed so that new serum
batches had to be tested for suitability. In the following the serum batches will be named
as I, II, and III in which serum I is the consumed serum and serum II the new standard
serum. To test the serum influence the IEC-6 cell batch A6 was split in three parts, and
every part was cultivated eight weeks in culture medium with a specific serum. To control
the serum effect on the PE, survival and the colony growth, an x-ray survival curve was
performed every second week. Figure 3.15 shows the resulting curves. In serum I the
IEC-6 cell batch A6 did not develop an increasing radio-resistance with time. In serum
IT the IEC-6 cells developed a pronounced radio-resistance while in serum III the IEC-6

cells increased their radio-resistance slightly. Interestingly, the cells in serum III did not
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Figure 3.15: Serum test: 250 kVp x-ray survival curves of IEC-6 cell batch A6. The passage and
the experiments were performed in culture medium with three different serums.

show shoulder curves. Table 3.4 presents the fit parameters for the x-ray survival curves.
In conclusion, IEC-6 cells can, but do not necessarily, develop an increasing radio-resistance
with age. A possible reason for this variance is the cell selection in the weekly passage
(test hypothesis).

3.3.4 IEC-6 cells: radio-resistance against carbon ions

For carbon ion irradiation at SIS facility the IEC-6 cells were seeded in culture flasks,
while for irradiation at UNILA facility Petri dishes were used for cell culturing. After
irradiation the cells were trypsinized and reseeded in a colony forming assay with 70
expected surviving cells. The ethanol-fixed and methylene blue-stained colonies were
counted and analyzed according to subsection 2.1.6. Figure 3.16 shows the average sur-
vival curves over four individual experiments for three different carbon ion energies 11.4
MeV/u, 100 MeV/u, and 270 MeV/u, each. The curves were performed in two beam
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Table 3.4: The table presents the « and 5 values as well as ratio o/ and D¢ of IEC-6 cell x-ray
survival curves in dependency of cell batch and serum batch.

Cell batch Serum P PE Q Aa [ AB ol Aalf Dy

batch [Gy'] [Gy"] [Gy?] [Gy?] [Gy]l [Gy]l [Gy]
Al I 19 0360 0260 0.047 0.029 0.010 9.0 04 5.5
I 25 0481 0278 0.048 0.031 0.005 90 02 52
I 28 0.584 0325 0.033 0.021 0.003 155 02 5.3
A2 I 16  0.245 0338 0.042 0.025 0.005 13.5 02 5.0
I 18 0335 0.498 0.046 0.001 0.005 49.8 29.1 5.1
I 20 0451 0246 0.026 0.030 0.003 82 0.1 56
I 22 0521 0371 0.046 0.013 0.005 285 04 52
I 23 0.616 0341 0.029 0.014 0.003 23.7 02 5.5
I 24 0.627 0260 0.033 0.019 0.003 13.7 02 6.1
A6 I 16  0.248 0.345 0.051 0.019 0.005 182 03 52
I 18 0391 0324 0.074 0.021 0.008 154 04 5.3
I 20 0414 0312 0.033 0.026 0.003 120 02 52
I 22 0273 0388 0.052 0.013 0.005 29.8 04 5.1
A6 I 16 0207 0.419 0.094 0.030 0.011 140 04 42

(=)
!

18 0.348 0.315 0.102 0.030 0.012 10.5 0.5 5.0
20 0.433 0.350 0.032 0.023 0.004 152 02 5.0
22 0.231 0.344 0.127 0.008 0.015 430 19 59
A6 I 16 0.277 0.625 0.104 0.002 0.012 3125 6.0 3.6
I 18 0.357 0.361 0.051 0.019 0.006 19.0 0.3 5.0
I 20 0.463 0.530 0.090 0.002 0.011 2650 55 4.3
il 22 0.256 0.510 0.063 0.007 0.007 729 1.0 4.3

et
—

e
L]
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Survival
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Figure 3.16: Survival of IEC-6 cells after track segment irradiation with 11.4 MeV/u (green),
100 MeV/u (red), and 270 MeV/u (black) carbon ions. The curves are the average over four
individual experiments with standard deviation, each.

Table 3.5: IEC-6 cells: « and (3 values as well as ratio /3 and Dy of carbon ion survival curves.
The values are averages from four independent experiments with standard deviation.

Energy Q Aa I} Ap ol AalB Dy ADyg
[Gy'l [Gy'l [Gy?*l [Gy?l [Gyl I[Gyl [Gyl [Gyl

270 MeV/u 0439 0.038 0.008 0.008 54.9 1.0 4.95 0.74
100 MeV/u 0551 0.144  0.007 0.040 78.7 5.7 4.19 1.14
11.4 MeV/u 1804 0.064 1.25 0.09

times. The variances between curves of one beam time were very small but the differ-
ences between the beam times were only slightly more pronounced. The differences are
significant at higher doses where the spread of colony numbers per culture flasks varies
essentially. Independent of the irradiation modality in every colony forming assay a PE
has to be determined. The calculated PE of fitted IEC-6 cell survival curves is presented
in figure 3.17. The blue points display the PE which was determined in culture medium
with serum I, the red points in medium with serum II, and the green points in medium
with serum III. From the scattered plot, a strong influence of the serum on the PE can
not be deduced. In all tested serums the IEC-6 cells increased their PE with the weekly
passage. This effect seems to be limited since the PE passes into a plateau. A curve was

not plotted due to insufficient data with higher passage numbers.
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Figure 3.17: The PE of IEC-6 cells determined in culture medium with serum batch I (blue points),
serum batch II (red points), and serum batch III (green points) is plotted against the passage num-
ber, which were done weakly.

3.3.5 Relative biological effectiveness (RBE)

The RBE was calculated according to section 1.2 and section 2.7. In figure 3.18 the RBE«
and the RBE,( for IEC-6 cells and RAT-1 cells are plotted against the LET of the particle
beam or against the residual range in water of the carbon ions. The physical parameters
of the carbon beam are given in table 3.6. The RBE increases with increasing LET and
decreasing residual range of the carbon ions. For high energy, representing the entrance
channel, the RBE is close to one which means that the normal, tumor surrounding tissue
is not further damaged through the use of carbon ions in comparison to photon irradiation.
The RBE« of RAT-1 cells increased more pronounced than that of IEC-6 cells which is
due to the steep survival curve after 11.4 MeV/u carbon ion irradiation. This indicates

that carbon ions are well suited for the inactivation of the prostate cancer cell line.
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Figure 3.18: RBE« and RBE |y of IEC-6 cells and RAT-1 cells are plotted in the left panel against
the LET and in the right panel against the residual range in water of the carbon ions. The RBE
values are calculated out of the averages over four independent carbon experiments and seven
(RAT-1 cells) and sixteen (IEC-6 cells) independent x-ray experiments, respectively.
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Table 3.6: The table displays the physical beam parameters of the used carbon ion beams.

Energy [MeV/u] LET [keV/um] Residual range in Correspondence to
water [mm] clinical application

270 13 137 entrance channel

100 28 19.8 close to tumor

114 170 0.41 tumor volume

3.4 Identification of sub-populations and clones in IEC-6 cell culture

3.4.1 Chromosome analysis with mFISH

The chromosome analysis in section 3.2 shows that the IEC-6 cells develop an aneuploid
karyotype within a few weeks in culture. To identify the additional chromosomes a chro-
mosome analysis with mFISH was done (see subsection 2.2.1). A complete mFISH kit for
all chromosomes is only commercially available for human and mouse samples. Since the
genetic relationship is close and the chromosome profile of mice (2n=40) is more similar
to rats, a mouse mFISH was used on rat chromosomes. For the chromosome preparation
IEC-6 cells in P22 were used to achieve a wide spectrum of karyotypes. It was expected
to find sections of IEC-6 cell chromosomes stained like bands in which the chromosomes
of the rat and the mouse match. The staining with TR, SpO, and DEAC went well, the
hybridization with FITC-linked probes was diminished and nearly no labeling with Cy5
was found. In the first analysis step the chromosomes were manually arranged along
their shape and size in the DAPI image. Based on the false colors, the arrangement was
corrected in a second step. Figure 3.19 shows a mFISH stained metaphase with 52 chro-
mosomes which is presented in the left panel in DAPI counter staining and in the right
panel in false colors. The red circle demonstrates that chromosomes which are clearly of
the same size and shape in DAPI staining were not necessarily displayed in the same false
colors. In contrast, the green circle shows that chromosomes illustrated with the same
false colors do not match in size and shape. It becomes obvious that a mouse mFISH is
not suitable for the analysis of rat chromosomes. Due to missing mFISH alternatives or
other high throughput methods the identification of the additional chromosomes was not

followed up.
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(a) Metaphase displayed in DAPI counter stain- (b) Metaphase displayed in false colors
ing

Figure 3.19: Application of mouse mFISH on IEC-6 cells in P22. Shown is a metaphase with 52
chromosomes. Magnification ~ 700x

3.4.2 Existence of radio-resistant IEC-6 sub-populations

The combination of increasing radio-resistance and PE, karyotype changes but decreasing
doubling time suggests that a dominant sub-population of IEC-6 cells is responsible for
these developments. Therefore, the IEC-6 cell batch A3 was sub-divided at P18 in three
parts. One part was mock irradiated, one part was irradiated with 5 Gy of x-rays, and the
last part was irradiated with 1.25 Gy of 11.4 MeV/u of stopping carbon ions. The irradia-
tion did not only reduce the cell survival rate to 10% but also should deactivate especially
the possible radio-sensitive sub-population. Two radiation qualities were tested because
of the different damage characters which might generated other clones. After irradiation,
the IEC-6 cells were trypsinizied and reseeded in culture flasks with a growth area of 75
cm 2. In the weekly passage the total cell number was determined, added on the total cell
number of the week before, and fitted against the passage number after irradiation (see
figure 3.20). The plot allows a comparison of the growth rates and replaces the time con-
suming growth curves. Through the irradiation no changes in the growth characteristics
of the IEC-6 cell cultures were observed. The lower cell number in the control samples
at 21 days and 28 days after irradiation might be a mistake in the calculation of total cell
number since later points in time show a good agreement with the x-ray and the carbon
ion irradiated cell samples. The diminished slop of the curves after 40 days is not due
to a limited growth area since the cell samples were reseeded weekly. It might be that
the IEC-6 cell batch A3 underwent differentiation or senescence and slowed down its

doubling time.

Every second week a chromosome preparation of all cultures was done to identify possible
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Figure 3.20: The total cell number of mock, 250 kVp x-ray, and 11.4 MeV/u carbon ion irradiated

IEC-6 cells plotted against the time in days after irradiation.
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developing sub-populations in the irradiated samples compared to the control cultures.
Figure 3.21 presents the karyotypes of 300 analyzed metaphases for passage and sample.
Independent of the radiation quality the reduction to 10% surviving cells did not induce
the formation of different sub-populations compared to control cells. In all cases two
sub-populations with similar mean chromosome numbers developed and the amount of
tetraploid cells was low. The small variations between the cases are due to statistical

reasons.

In figure 3.22 the weighted chromosome number (WCN) and the mitotic index (MI) are
given for each passage and sample at which the data corresponds to the chromosome anal-
ysis in figure 3.21. As expected from the chromosome histograms the WCN increased all
three samples with cultivation time. In parallel the MI increased with ongoing passage
numbers as well. The slight decrease or stagnation of MI in P26/P8 might be due to re-
duced cell growth which was detected in figure 3.20 of the total cell numbers. In addition,
figure 3.22 shows an overview over the existence of IEC-6 cells with the normal (rattus
norvegicus) karyotype of 42, more than 42 or less than 42 chromosomes. The number
of cells with the normal karyotype (2n=42) decreased with ongoing passage numbers.
This process seems to be slower in unirradiated control cells compared to irradiated cells,
whereas no differences between x-ray or carbon ion irradiation can be detected. At the
end of the cultivation period, in all three cultures the percentage of cells with 42 chro-
mosomes was below 5%. The IEC-6 cell batch A3 seemed to undergo differentiation or
senescence. But with these results the observed increasing radio-resistance in cell batch

A2 and A6 can not be explained.
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Figure 3.21: Karyotype histograms of IEC-6 control cells and after 250 kVp x-ray or 11.4 MeV/u
carbon ion irradiation. Analysis was performed at several passages whereas the first P means the
real passage and the second P means the passage after irradiation. Every small panel is the result
of 300 analyzed metaphases/ passages and samples.
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3.4 Identification of sub-populations and clones in IEC-6 cell culture
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Figure 3.22: Left panel: WCN (square) and MI (circle) of IEC-6 cells. Control cells, x-ray and
carbon ion irradiated samples in passage P19/P1, P20/P2, P22/P4, P24/P6, and P26/P§. WCN was
calculated in 300 IEC-6 cells and MI was determined in 6000 IEC-6 cells. Both values are given
with their standard deviation. Right panel: Progression of IEC-6 control cells, x-ray and carbon
ion irradiated cells with 42, less than 42, and more than 42 chromosomes.

3.4.3 Analysis of IEC-6 single cell colonies

The analysis of IEC-6 cells exposed to x-rays and carbon ions which reduced the sur-
vival rate to 10% could not clarify whether there are radio-resistant sub-populations or
not. The isolation and analysis of IEC-6 clones should answer the question if there are
single clones with a higher radio-resistance. The clones were isolated in P23 (cell batch
A3) and P17 (cell batch A4) and were characterized for their karyotype and mitotic index.
From cell batch A3 it was possible to isolate and propagate 16 clones from which twelve
clones had 53 chromosomes, one clone with 44, 45, 54, or stable 91 chromosomes, re-
spectively. From IEC-6 cell batch A4 ten clones could be cultured whereas four clones
with 42 chromosomes, four clones with 43 chromosomes, and one clone with 45 or 88,
respectively, were isolated. The IEC-6 culture age accompanied by the changes in chro-
mosome profile was the crucial factor for the different karyotypes of the isolated clones.
Six clones were analyzed over eight weeks concerning their karyotype, mitotic index, PE,
radio-resistance, and growth rate. An overview over the isolation characteristics of the

analyzed clones is given in table 3.7.

From the total cell numbers per passage a “doubling time” was determined. Figure 3.23
clearly shows that an increased chromosome number leads to a faster cell doubling. But
clones with identical chromosome numbers and especially clones with normal karyotype
did not show similar cell doubling times.

X-ray survival curve was performed in every second week to determine the PE and the

radio-resistance and were plotted in figure 3.24. For none of the clones a changing radio-
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Table 3.7: Overview over analyzed IEC-6 cell clones.

Clone code Clone No. Karyotype MI [%]
1B3 1 45 8.02
1C3 2 53 5.56
IB3 3 42 11.74
ID3 4 42 3.62
2A3 5 53 14.09
4B2 6 44 9.43
% Clone 4, 42, 52.1h
@ Clone 3, 42, 44.0h
sk *Clone 6, 44, 40.9n //(H
N g s —
2 Clone 5, 53, 21.0h ///
0.0 F

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
time [h]

Figure 3.23: Cell growth of six IEC-6 clones: In every passage 4 x 107 cells were seeded. The
total cell number of the harvest cells were determined and added on the total cell number of the
week before. The slop of the linear fit could be considered to be a cell doubling time.

sensitivity with age is detectable out of the survival curve progression. By comparing
the doses for 10% survival a slightly decreasing radio-resistance for clone 2 and a slowly
increasing radio-resistance for clone 1, 5 and 6 were determined. The D, stayed rather
constant for clone 3 and 4. The small changes in radio-resistance were not recognizable in
« and (3 values. The PE of clone 1-4 deviated while that of clone 5 strictly increased from

449 to 59% in four passages. Clone 6 showed no change in PE. The data are summarized
in table 3.8.

In parallel to the x-ray curves, chromosome preparations were done to control the stabil-
ity of the karyotype, the mitotic index, and to bring possible changes in radio-resistance
into context. Compared to isolation characteristics of the analyzed clones, presented in
table 3.7, escalated the MI of clone 2 from 5.6% to 12.0% but during the period of in-
vestigation the MI was stable. The huge differences in the MI values indicate that at
the characterization point the cell culture of clone 2 was not in the exponential phase of

growth, and the proliferation was reduced. The MI of clone 3 stayed stable, while the
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Figure 3.24: IEC-6 clones: survival curves after 250 kVp x-ray irradiation. The passage number
indicates the real passage as well as the passage after isolation and is valid for both panels in a
row.

Survival

Table 3.8: IEC-6 clones: PE, /(3 ratio, and D¢ of 250 kVp x-ray survival curves. The values are
averages with their standard deviation as percentage. Clone 1-4: n=3, clone 5+6: n=4

Clone PE [%] APE [%] o/B[Gy] Aalf[%] Dio ADyg [%]
1 25.9 52.5 90.7 168.4 4.8 19.9

2 42.1 422 13.6 87.4 4.4 28.3

3 27.8 46.4 31.5 110.8 4.3 19.1

4 27.2 19.0 27.1 116.3 4.9 23

5 50.6 12.9 9.2 57.0 6.4 6.0

6 39.3 39 19.7 78.0 6.3 9.8
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Table 3.9: IEC-6 clones: analysis of karyotype. The mitotic index (MI) was determined in 6000
cells with its standard deviation as a percentage (AMI [%]) and the weighted chromosome number
(WCN) was calculated in 150 cells with its standard deviation as a percentage (AWCN [%]).
Clone 1-4: n=3, clone 5+6: n=4

Clone MI [%] AMI [%] WCN AWCN [%]
1 10.5 24.7 46.0 0.9
2 12.0 6.6 52.2 3.3
3 10.6 9.9 44.2 2.6
4 8.4 20.9 45.6 5.8
5 10.8 18.6 55.1 0.9
6 8.1 39.1 45.7 0.4

MI of clone 1 and 4 increased. Clone 5 and 6 were isolated with a relatively high MI but
directly after defrosting the MI was dramatically reduced to 8.5% and 4.0%. With ongo-
ing passages both clones reached the MI of the isolation. It is possible that the growth
was restricted by recovery from the frosting process. The MI could be determined in all
samples with a deviation of 8.6%.

For the analysis, only clones were used which had stable chromosome numbers at the
characterization point so that the determined values could be considered as 100% values.
After six weeks in culture the karyotype of all clones except clone 2 had changed. Only
clone 2 kept the original chromosome profile with slightly lower chromosome numbers.
This could be due to sample preparation. The other clones increased their chromosome
numbers. In conclusion, the majority of IEC-6 cells tended to increase their chromosome

numbers and population doubling times. The cells change the MI and PE, also.

3.5 Co-culture

Clonogenic survival assays with co-cultured IEC-6 cells and RAT-1 cells were grown
together in one culture flask. The colony forming assay protocol for both cell lines is
identical so that no changes had to be done. The discrimination between the two cell
types causes no problems since cell and colony morphology differs essentially as well
as the staining properties with methylene blue. In the majority of cases the colonies
have no direct cell to cell contact in the culture flask. The co-culture colony examples in
figure 3.25 show that a cell line differentiation was still possible when colonies overlap

or intermingle. RAT-1 cell colonies were not affected by co-culturing while the colony
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Figure 3.25: Co-culture colonies: in all panels are IEC-6 cells on the left side and RAT-1 cells on
the right side, ethanol fixated and methylene blue stained, magnification ~10x

Table 3.10: The table presents the number of performed experiments which were carried out with
method P and method T as well as serum I and serum II. If not further specified, the cells were
irradiated with 1, 3 or 6 Gy (RBE) of 250 kVp x-rays or carbon ions (100 MeV/u or 11.4 MeV/u).

Method Serum 250 kVp x-rays 100 MeV/u ’C  11.4 MeV/u 12C

batch
P I 5 0 0
T I 2, (only 3Gy) 2, (only 3Gy) 2, (only 3Gy)
T II 5 1 1

size of IEC-6 cells increased, especially in the unirradiated controls, as found by visual

examination.

3.5.1 Survival experiments

In the following paragraph, the question should be answered if co-culture conditions
change the radio-sensitivity of the used cell lines RAT-1 and IEC-6. The survival ex-
periments were performed with two different set-ups (method P and method T, see sub-
section 2.1.3) and two fetal calf serum batches (serum I and serum II). Table 3.10 shows
an overview of the performed experiments. Independent experiments were summarized
when serum and methods are identical. If only one experiment was performed, an error
calculation was done as described under subsection 2.7.1 and the columns were marked
with a cross. In the following all experimental data are plotted as a percentage to the

corresponding average PE.

In general, the co-culture survival data did not show reproducible results for method P

and method T as well as for serum I and serum II. In addition, method P seems to be more
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Figure 3.26: Co-culture serum I + II: 0 Gy IEC-6 cells + irradiated RAT-1 cells.

Stripped columns: method P, full columns: method T, cross: error calculation, no mark: mean
values with standard deviation, on top: PE: red, 250 kVp x-ray: blue, 12C 100 MeV/u: cyan, 12c
11.4 MeV/u: green, on bottom: PE: black, 250 kVp x-ray: orange, '2C 100 MeV/u: pink, '>C
11.4 MeV/u: violet

subjected to errors and the results are therefore questionable. Overall, RAT-1 cells might
not be as much influenced by co-culturing as the IEC-6 cells are. Nevertheless, for some
co-culture combinations a trend could be extracted. First, independent of the serum the
PE,, for IEC-6 cells is above 100%. This effect was especially noticeable with method T.
With method P the effect was not so pronounced but still higher than the PE,o,,,. The PE,,
for RAT-1 cells is not influenced by the co-culture with unirradiated IEC-6 cells. The PE_,
is around or below 100%, independent of the serum or the method. Second, unirradiated
IEC-6 cells have serum independent with method T no further benefit when the cells are
combined with irradiated RAT-1 cells. Moreover, the survival rate was decreased for
lower doses. The RAT-1 cells in this combination are unaffected except cells irradiated
with 100 MeV/u and cultured in serum I (see figures 3.26). These cells slightly increased
their survival rate with increasing dose. Third, in the inverse combination the unirradiated
RAT-1 cells showed a LET- and dose-dependent benefit of the irradiated IEC-6 cells in
serum II but RAT-1 cells grown in serum I did not show an influence. Irradiated IEC-6
cells in serum I showed a correlation between dose and survival for 100 MeV/u carbon
ions but an inverse correlation for 11.4 MeV/u carbon ions. For carbon irradiated cells
grown in serum II no clear tendency can be detected. For both serums the x-ray irradiation
especially with 3 Gy seems to enhance survival (see figure 3.27). Fourth, when both cell

lines are irradiated the RAT-1 cells showed no influence but the IEC-6 cells increased

62



3.5 Co-culture

Serum | 6Gy / 0Gy
130 x
120
X
mr X

Serum | 3Gy / 0Gy

Serum | 1Gy / 0G

Survivaleg-cuture /SUrVivalmono-cuttue

Survivalc, cg e /Zurvwaémm cgu re
[T
- x
T
X
Survivale, cuture /Survwvaﬁmm culture

IEERERERRANANAR INARARE Y

T

-——-[EC-6---- --——-RAT-1---- —==]El=fle——=  ——==RAJ=]-——
2 Serum Il 1Gy / 0Gy 2 Serum Il 3Gy / 0Gy 2 Serum Il 6Gy / 0Gy
Zuot £ 1o £ 10
E 130 E 130 é 130
g o o
Z 10 T o 'z 10 x
% 3 3
) X S o o % )
2 100 ! £ 100 £ 100 S |
5 5 x 5
Z 9 x Z 9 “J < w0
1%} @ 1%} &
80 80 1 80
)| =3 i i -——RAT-1-—- | =1 o nens -——RAT-1--- )| =) Vi e -——RAT-1---

Figure 3.27: Co-culture serum I + II: irradiated IEC-6 cells + 0 Gy RAT-1 cells.

Stripped columns: method P, full columns: method T, cross: error calculation, no mark: mean
values with standard deviation, on top: PE: red, 250 kVp x-ray: blue, 12C 100 MeV/u: cyan, 2c
11.4 MeV/u: green, on bottom: PE: black, 250 kVp x-ray: orange, '>C 100 MeV/u: pink, '2C
11.4 MeV/u: violet

éerum I' I 3G)} / 3Gyl SlerurﬁI '

3

|

———-IEC-6---- - JEC-B--—- __ ——-RAI-1
(a) Both cell lines 3 Gy (RBE) of x-ray or  (b) Both cell lines 1, 3 or 6 Gy of x-rays
carbon ions

Sur\/lvalco culture /Survwalmonc-cutture
[ THHE
[T

Survivalgg-cuture 7/ SUrVivalmeno-cuture

[T THHHHH

T n
NN I

@
S
3
S
T

NNNNREEEEEEEEE
[
| I E———
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their survival rate in a dose-dependent manner in both serums. A LET dependency is not
detected (see figure 3.28 and 3.29).

3.5.2 Cytokine measurements

The cytokine measurements in cell culture supernatants should explain the detected ef-
fects in co-culture survival experiments. Here the cells have almost no direct cell to cell
contact so that the effect inducing substance should be a soluble factor which is mediated
via the culture medium. Since the survival experiments are carried out in medium with
serum the cytokine measurements are conducted in serum containing medium as well.
Due to the limited accessibility of serum I the cytokine experiments could only be per-
formed in medium with serum II. The 6-well plate/insert system was used for cytokine
detecting experiments. Here one cell line was grown in the Petri dish and the second cell
line in the insert. By the use of this system the direct cell to cell contacts are excluded.
These contacts are important for cell to cell communication with molecules much smaller
than cytokines. If the cytokine production is induced by small molecules, these direct cell
to cell contacts would be important for the co-culture effect as well. To investigate the
influence of the direct contact, the experiment was carried out with both cell lines growing
in the same Petri dish.

The amount of measured cytokine in the cell culture supernatants has to be related to the
number of cells. This allows a conclusion about the secreted cytokine amount per cell and
a comparison of different experiments. When both cell lines were in one cell suspension,
it was not possible to count the cell number of each population separately because of con-
gruent cell histograms in the coulter counter, so that only the total cell number could be
determined. This has been circumvented by fluorescent staining with PKH67 of one cell
line involved. In a flow cytometer the percentage of stained cells to unstained cells could

be determined, and the obtained percentage could be converted into real cell numbers with
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Figure 3.30: TGF-3 measurements: Insert versus Petri dish. Mono-culture of 6 Gy (RBE) irradi-
ated IEC-6 cells grown in inserts (on top) or Petri dishes (on bottom). 250 kVp x-ray experiment:
red, 11.4 MeV/u carbon ion experiment: blue, cross: PKH67 stained cells, horizontal line: TGFg3
content of the culture medium. Left panels: Total among of TGFS in the sample adjusted for the
serum level; Right panels: TGF/3 content normalized to 1 x 10° cells.

the total cell number of the coulter counter result.

The cells were irradiated with 11.4 MeV/u carbon ions and 250 kVp of x-rays. The ana-
lyzed cytokines TGF3, TNFaq, and IL-2 were selected due to their inflammatory effects
in vivo and in vitro (see section 1.5 and 4.3.4).

IEC-6 cells showed a noticeable increase in adhesion and growth in Petri dishes com-
pared to inserts while RAT-1 cells were less affected by the growth support. Unirradiated
IEC-6 cells increased their growth in Petri dishes by a factor of 1.62, irradiated IEC-6
cells by a factor of 1.26, and unirradiated RAT-1 cells as well as irradiated RAT-1 en-
hanced the growth by a factor of 1.09 and 1.05, respectively.

In the cell culture supernatants of all co-culture combinations and in the used cell culture
medium with serum (without cells) no TNFa or IL-2 could be measured. The possible
source of TNFa and IL-2 would have been the IEC-6 cells which are able to secret both
cytokines which was shown with LPS-stimulation [87]. Obviously the co-culture condi-
tions did not activate the same pathway as the LPS stimuli and did not induce TNF« or
IL-2 secretion.

The cytokine experiments were carried out in serum containing medium. Serum is known
to comprehend high amounts of TGF[. Therefore, it was expected to detect high levels
of TGF( in the medium. The analysis of the TGF3 amount in serum containing medium
(without cells) over the experiment period of maximum five days were determined to be
stable 460 + 18 pg/ml. This means that TGF/ is not degraded by incubation at 37°C and
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that changes in the measured TGF3 amount are cell induced.

The TGFS in the supernatants needs to be activated by incubation 5 parts supernatant with
one part I N HCI (ELISA protocol, manufacturer’s instruction). Without activation active
TGF/ was only found in samples which were grown for four or more days and reached
cell numbers above ~ 3 x 10° cells. Under these conditions the medium pH changed
to lower values indicated by color shift of pH indicator phenol red in the medium. It is
assumed that through the cultivation time of four days and the increased cell numbers
the accumulation of metabolites in the medium was enhanced. The increased amount of
metabolites decreased the pH which induced a partial activation of TGF/[. The measured
active TGF/ is therefore a reaction on the culture conditions and not on the co-culture or
the irradiation.

The figures 3.30 and 3.31 show in the left panels the measured TGF/3 amounts in cell cul-
ture supernatants and in the right panels the TGF3 amount adjusted to 1 x 10° cells. The
measured TGF( amounts suggest huge differences between the experiments in which the
measured TGF/ levels increased with time all experiments. The adjustment of the TGFf
amount to 1 x 10° cells reveals that a more or less constant amount of TGF/3 is produced
by the cells. The detected differences were caused by the differing cell numbers seeded.
Therefore, no differences between cells grown in Petri dishes or inserts and no differences
between irradiated and unirradiated cells were detected. Furthermore, mono-culture or
co-culture conditions had no influence on the TGF( secretion. The PKH67 stained cells
did not change their TGF/3 secretion into the medium and co-cultures with direct cell to
cell contact had no influence on the expression of TGF/. To conclude neither TNFa nor
IL-2 were measured and the detected TGF( amount did not alter due to the co-culture so
that the observed effects in the survival experiments are probably not caused by one of

the analyzed cytokines.

It was remarkable that in some samples the time dependent secretion of TGF/3 strongly
fluctuated. It was not explainable by sample handling or performance of method why
some measurement points depart from the remaining data or further, do not show a mea-
surable TGF/3 level at all. But, since the behavior appeared especially in experiments with
low cell numbers the conclusion was made that the secreted TGF(3 amount was close to

or under the detection limit of the assay.
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Figure 3.31: TGF-3 measurements: mono-culture versus co-culture. On top: Mono-culture of 6
Gy (RBE) irradiated RAT-1 cells grown in Petri dishes. On bottom: Co-culture of 6 Gy (RBE)
irradiated RAT-1 cells and IEC-6 cells. 250 kVp x-ray experiments: red, 11.4 MeV/u carbon ions:
blue, open symbol: growth in inserts, closed symbol: growth in Petri dish, cross: PKH67 stained
cell, horizontal lines: TGF/ content of the culture medium. Left panels: Total among of TGF3
in the sample adjusted for the serum level; Right panels: TGF/3 content normalized to 1 x 10°
cells.

3.6 Hypoxia chamber

For experiments under hypoxic and oxic conditions the RAT-1 cells were grown on bio-
Folie 25 with 3 x 10* cells over 48 h. The gas mixture of 95% N, and 5% CO, flushed 2 h
with 200 ml/min trough five in-line connected chambers at room temperature to achieve
hypoxic conditions. The oxic cell cultures were kept outside the incubator for 2 h to sim-
ulate the gassing. After irradiation with 250 kVp x-rays or carbon ions with a LET of
100 keV/um the cells were trypsinized and seeded in a colony forming assay. The sur-
vival was calculated according to Eq. 2.3 and plotted in figure 3.32. X-ray experiments
were carried out six times while the carbon ion irradiation was conducted only once with
hypoxic and twice with oxic cells due to lack of carbon ion beam times with suitable
conditions. The error calculation as described under section 2.7 was not applied to the
survival data of carbon ion irradiation under hypoxic since the amount of « and 3 values
for carbon ion irradiation in hypoxia chamber was to low. It is suggested that the error of
carbon ion experiments performed in the hypoxia chambers is comparable to that of x-ray
irradiation experiments.

The cell survival after x-ray irradiation was a shouldered curve, as expected, while the

survival after carbon ion irradiation follows an exponential decline. Therefore, for x-ray
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Figure 3.32: RAT-1 cell survival under hypoxic conditions compared to cell survival under oxic
conditions. 250 kVp x-ray irradiation: mean survival values with standard deviation (n=6), Carbon
ions irradiation with SOBP of LET 100 MeV/um: oxic curve mean survival values with standard
deviation (n=2), hypoxic curve n=1

irradiation o and /3 values could be calculated while for the carbon ion experiment only
an « value was determined. In table 3.11 the o and [ values were summarized for the
experiments performed in the hypoxia chambers. The comparison of oxic survival curves
of carbon ions and x-rays as well as hypoxic survival curves for carbon ions and x-rays
identify carbon irradiation as more effective in cell inactivation. The deflection of the two
oxic or hypoxic curves is the RBE, respectively. The RBE was calculated for hypoxic and
for oxic conditions based on the cumulative curves according to Eq. 1.3. The cell survival
under hypoxic conditions was enhanced compared to cell survival under oxic conditions.
The difference between the two curves is defined as the OER. On the basis of the cumu-
lative curves the OER values were determined according to Eq. 1.6. Table 3.11 shows the
RBE and OER values beside the doses for a 10% survival rate which were needed for the

calculation.
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Table 3.11: Mean « and 3 values and D¢ with the standard deviation for six independent 250 kVp
x-ray experiments. For carbon experiments are the o value and the D1g given with the error of the
linear fit. Blow the OER and RBE of experiments in hypoxia chamber are given. h: hypoxic, o:
oxic

EXp. (07 A« ﬁ Aﬁ Ck/ﬁ Aa/ﬁ Dy ADI()
[Gy'l [Gy'l [Gy?]1 [Gy?l I[Gyl [Gyl [Gyl [Gyl

X-rayh 0.068 0.035 0.005 0.001 159 0.78 16.0 0.78
X-rayo 0.144 0.054 0.030 0.006 6.6 1.07 6.7 0.82

Carbonh 0.548  0.049 4.2 0.38
Carbono 0.819  0.219 2.8 0.75
OER ..y AOER OER o carbon RBE1gn ~ RBEj, RBE, RBE,,
2.35 0.13 1.5 3.8 24 8.0 5.7
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4 Discussion and outlook

4.1 Cell lines

4.1.1 RAT-1 Dunning prostate adenocarcinoma cell line

The co-culture experiments should yield results relevant for therapy but also comparable
to previous animal experiments performed by Dr. P. Peschke (German cancer research
center, DKFZ). The cooperation with Dr. P. Peschke defined rats as the optimal model
for animal experiments and thereby the cell system for this thesis. Peschke assesses the
rat Dunning R-3327 system as an excellent model for human prostate cancer progression
and the different cell lines allow a RBE determination related to differentiation level of
the tumor [100]. The enzyme profile of the Dunning R-3327 system is close to humans,
but not all cell lines of the system grow in vitro. The in vivo growth is limited to Fisher
and Copenhagen rats [63, 65] which are both only available in the USA and therefore
expensive compared to other rat strains. After tumor fragment implantation in the hind
limp, the sub-line R-3327-AT-1 (RAT-1) grows reliable with a constant tumor doubling
time [63]. Carbon ion irradiation of hind limb tumor bearing rats caused dose-dependent
side effects like skin redness, dry and/ or wet sites, desquamation, necrosis, hair loss, and
pigmentation abnormality [100]. Through the small irradiation field and the exact animal
positioning side effects appeared only in the hind limb and not in the inner organs. Im-
plantations of tumor fragments in the prostate are possible [150], but considerations to
simulate the human prostate cancer irradiation with orthotropic implanted RAT-1 tumors
in rats fail through technical problems e.g. organ motion. After an imaginary irradiation
of orthotropic implanted RAT-1 tumors Peschke would suggest to find inflammatory side

effects in the highly proliferating intestine [100].

As a part of this thesis the RAT-1 cells were characterized concerning their PE, doubling
time, MI, and karyotype in vitro (see section 3.1). The PE was determined to be 44.6
4 11.3% while the RAT-1 cells double in culture every 21 4 2 h (see figure 3.1). The
karyotype did not change during the culture period (58.9 £ 9.5) and the MI was constant
(11.7 + 1.1%) as presented in table 3.1 and in figure 3.4. In vitro data of RAT-1 cells
are rare in comparison to in vivo data. Isaacs et al. characterized the RAT-1 cells with
an in vitro growth time of 32.5 £ 3.7 h, a PE of 16.7 £ 0.9% and a chromosome profile

with 60 £+ 7 chromosomes [65]. The variations in PE and doubling time of this thesis in
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comparison to Isaacs et al. are certainly due to the differing cell culture serums whereas
the chromosome profile was identically. Furthermore, a cell doubling time of 13.1 h was
reported in Corban-Wilhelm et al. which indicates a huge intra-cell line variation with
regards to cell growth time [23].

After irradiation with x-rays or 11.4 MeV/u carbon ions the RAT-1 cells arrest in G,/M-
phase during the first 12 h but not in G;-phase (see figure 3.2). In reference [43] the human
prostate cancer cell line PC-3 accumulate in G,/M-phase after irradiation with photons,
too. The authors indicate a context of mutated pS3 protein which is a crucial factor of the
G,/S-phase checkpoint arrest in response to DNA damage. The analysis of RAT-1 cells in
vivo shows increased p53 levels in comparison to normal prostate tissue which suggests

that p53 is not the reason for the missing G;/S-phase checkpoint arrest in vitro [22].

4.1.2 Development of a co-culture system - a suitable cell line to RAT-1 cells is
needed

To establish a co-culture system, a suitable cell line in combination to RAT-1 cells had to
be found. The second cell line had to fulfill the following criteria: a) established rat cell
line, b) male, c) normal tissue, d) biosafety level 1, e + f) adherent growth without or only
with few additional growth factors, g) originated tissue normal prostate, bladder, urethra
or intestine for the simulation of the effect in the entrance channel of prostate cancer ir-
radiation with carbon ions, and h) contact to prostate cancer cells in the organism. The
criteria are determined by the following reasons. The work with rat prostate cells defines
the sex and the species of the second cell line. By the use of an established cell line the
probability to achieve reproducible results with different cell batches should be enhanced
in comparison to primary cells. The RAT-1 tumor cells should be combined with a normal
cell line since the communication between the tumor and the surrounding tissue and not
the communication between the tumor and its metastases should be analyzed. In addition,
the GSI has only a statutory approval for cells with biosafety level 1 which excludes all
cell lines with a higher biosafety level by law. Because the cells have to be irradiated in a
vertical position at GSI the cells should grow adherent in culture vessels. Growth factors
in the culture medium of the second cell line would complicate a co-culture since the ef-
fect of the growth factors on RAT-1 cells has to be tested. For prostate cancer irradiation
at GSI the carbon ions are delivered in two opposing fields which include the hip bones
and small parts of the radio-sensitive tissues intestine and bladder. The possible tissue
origins of the second cell line could therefore be normal prostate, bladder, urethra and
intestine with special regard to the rectum. Furthermore, all mentioned tissue types can

have Intestinal epithelium cell line 6 (IEC-6 cells) had the highest intersection with the
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criteria. This established cell line from the rat’s small intestine is described as male and
normal, has a biosafety level 1 categorization, grows adhered and only insulin dependent
[106]. The combination of RAT-1 cells with IEC-6 cells simulates a state III-IV prostate
tumor which spreads to other organs, here the intestine. The RAT-1 cells are anaplastic
and therefore histological graded with the highest Gleason grad of 5. This supports the

simulated in vivo situation of an aggressive tumor.

4.1.3 The IEC-6 cell line

The used IEC-6 cell batch underwent significant changes during its time in culture e.g.
increasing PE (figure 3.17) and radio-resistance (figures 3.14 and 3.15), changes in kary-
otype (figure 3.9 and table 3.2), and decreasing doubling time (figure 3.5). Only in one
cell batch an indication for a limited life span was detected. In all the other batches the
cells grew without decreasing tp. In contrast to these results, the IEC-6 cell line is de-
scribed with a normal and stable rat karyotype (2n=42; rattus norvegicus), a constant tp
of 20 h, a PE of 2.3% and a limited life span of 30-40 passages [106]. On inquiry, ATCC
reported that the changes of the cell line were not known before. But ATCC referred to
the potential of murine cells to spontaneously immortalize [4]. To avoid the selection of
altered cells the usage of IEC-6 cells was limited to passage 15-20.

A closer look into IEC-6 related literature gives only one hint that age-dependent alter-
ations of IEC-6 cells are known. The group around Jian-Ying Wang pointed out that there
were no significant changes of biological functions and characterization from passage 15-
20 [99, 139]. In reverse, this could mean that changes were observed at later passages
but not investigated in closer specifications. Other authors which use the cell line within
passage 15-20 refer to Wang’s papers [88] or Wang is coauthor [108]. There are few
publications which note the usage of IEC-6 cells before the 20th passage [129] or within
passage 16-20 to minimize the passage effect [109] but without giving motivations or ref-
erences. In the majority of papers IEC-6 cells were utilized as described in Quaroni et
al. without commenting on a passage effect [106] (for examples see: passage 15-22 [9],
passage 17-22 [62], passage 16-30 [48], passage 17-27 [47], passage 17-30 [132], and
passage 20-26 [59]).

4.1.4 IEC-6 cell sub-populations and clones

To analyze the extra chromosomes in the IEC-6 cell metaphases staining techniques for

rat cells were examined. Fluorescent staining products against rat chromosomes are rare
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but some companies offer kits against single chromosomes (e.g. chromosome 12, Y,
and X; Cambio Ltd, Cambridge, UK,). But without limiting the possible extra chromo-
somes the staining of a randomly chosen chromosome is of minor significance. Only one
publication was found where a multicolor spectral karyotyping of rat chromosomes was
described with self made flow-sorted chromosome-specific painting probes [15]. But this
assay could not be applied to the existing microscope and software system at GSI. In the
absence of a suitable whole genome wide staining kit the chromosome analysis was done
with mouse mFISH probes on rat cells (see figure 3.19). It was expected that parts of
the rat chromosomes are stained like a banding in the chromosome sections in which the
chromosomes of rats and mice match. The resulting fluorescence signal of the mFISH
staining did not allow a chromosome identification or differentiation. Comparable ex-
periments were performed with rainbow cross-species fluorescence in situ hybridization
with differentially labeled (Cy3, Cy5, FITC) gibbon chromosomes on human lympho-
cytes chromosomes which result in 90 bands [29]. Probably the biological relationship
between mouse and rat is not high enough to achieve similar results like seen in gibbon
and human mixed samples. Another approach to identify the extra chromosomes could be
the G-banding technique with which the karyotype analysis in Danielpour et al. and Song
et al. of rat epithelial cell lines has been done [128, 26]. The analysis requires experience

and is usually done by specialized laboratories.

Beside the chromosome analysis of IEC-6 cell mass cultures, single clones were analyzed
(see table 3.7). From two unirradiated cell batches clones were isolated and analyzed ac-
cording to their radio-resistance, doubling time, and karyotype over eight passages. In the
IEC-6 clone experiment no correlation between increasing chromosome numbers and in-
creasing radio-resistance could be found. Both clones with 42 chromosomes had a stable
radio-resistance (figure 3.24). Clones with higher chromosome numbers divided faster
than clones with lower chromosome numbers. But clones with identical chromosome
number did not show similar doubling times (figure 3.23).

The increasing growth rates of the IEC-6 cells could be interpreted as a first step into
tumorigenesis. Insulin is an important growth factor of colonic epithelial cells and is
mitogenic for tumor cell growth in vitro [44]. Giovannucci hypothesized that hyperinsu-
linema promotes colon carcinogenesis [44]. Following the general instruction of ATCC
the culture medium of IEC-6 cells was enriched with insulin. It might be, that removal
of insulin from the cell culture medium would slow down the process of decreasing cell
doubling time. Co-culture experiments showed that IEC-6 cells survive and proliferate
in an insulin-free medium. Whether a long-term cultivation in insulin-free medium over

several weeks is possible and if the cell line alteration is suppressed, had to be tested.
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In the course of the identification of radio-resistant sub-populations the survival of an
IEC-6 cell batch was reduced through irradiation with x-rays or carbon ions to 10% (sub-
section 3.4.2). The irradiated IEC-6 cells were compared with unirradiated IEC-6 cells of
the same cell batch and judged according to their doubling time (figure 3.20), karyotype
(figure 3.21), and mitotic index (figure 3.22) over eight passages. In the long-term cultur-
ing differences were identified between irradiated and control samples. In irradiated cell
samples the number of cells with more than 42 chromosomes developed faster in compar-
ison to unirradiated IEC-6 cells of the same batch but in all three cases the growth rate and
the MI decreased at the end of the observation period. These results indicate that through
irradiation an early senescence could be induced. The X-Gal staining for senescence was
performed in unirradiated cells of another cell batch (section 3.2). Here, no positive signal
could be measured. But it is possible that through the heterogeneity of the cell line not
all IEC-6 batches age in the same way, and it might be that positive stained cells could be
found in irradiated cell samples.

It could be demonstrated that SA-/3-gal is not required for senescence [82]. To investigate
senescence in more detail the expression of hTERT (telomere shortening) as well as p53

and p16 (senescence pathway proteins) should be measured in IEC-6 cells [45].

After irradiation with 250 kVp x-rays, the IEC-6 cells stopped in G,/M-phase for 12 h. At
later points in time no differences to control samples were detected (see figure 3.7). Cell
cycle experiments with carbon ion irradiated IEC-6 cells were not performed. Through
the changes in karyotype with time in culture the DNA amount in the cells varies essen-
tially. A differentiation of the sub-populations in cell cycle experiments was therefore not
possible (see figure 3.6).

In general, the cell growth is controlled by several checkpoints in cell cycle progression.
The G,/S-phase checkpoint and the intra-S-phase checkpoint prevent the cells from un-
faithful genome replication [77]. The cell arrest in G,/S-phase checkpoint appears soon
after damage induction through ionizing radiation [81]. The G,/M-phase checkpoint is
initiated to allow repair of DNA damages prior to mitosis [77]. It could be demonstrated
that for initiating of checkpoint arrest in G,/M-phase and for cell release from the check-
point arrest a threshold of twenty double strand breaks exists [81]. Consequently, the
incomplete repair of the cells generates chromosome aberrations.

After irradiation, the IEC-6 cells arrested in G,/M-phase which indicate a genome repli-
cation without damage repair and a cell repair before entering mitosis. It is possible that

the IEC-6 cell line has lost a functional G,/S-phase checkpoint arrest. One of the most
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important factors for cell cycle progression control, apoptosis, and DNA repair is p53
[86]. If the IEC-6 cells have lost functional p53, the cell line would accumulate DNA
mutations which might contribute to genomic instabilities.

In along-term cultivation of an IEC-6 cell batch, which was divided in three parts (x-ray or
carbon ion irradiated and control cells), developed identical sub-populations (see subsec-
tion 3.4.2). This demonstrates that the whole IEC-6 cell population develops aneuploidy.
Aneuploidy is associated with a defect in the mitotic spindle checkpoint and tumorigene-
sis. The spindle checkpoint can delay the mitotic progression by transiently inhibiting the
anaphase-promoting complex in response to defective kinetochore-microtubule attach-
ment [74]. If the attachment is faulty, the chromosomes would not be divided correctly
to the daughter cells and an aneuploidy appears. To prove this hypothesis the spindle
checkpoint proteins could be analyzed for transcription and function [74]. Instead of a
conclusion the question is raised whether the IEC-6 cell line should continually be called

“model for normal human intestinal epithelial biology”.

4.1.5 Alternative cell lines to IEC-6 cells

The wide variability in PE, radio-resistance, and growth time of the IEC-6 cells is an un-
certain element and a source of error in all performed experiments. Therefore, the search
for alternative cell lines was extended. In general, cell lines of the urethra or bladder
were not found. But the search identified two new cell lines from the group of David
Danielpour. Out of the dorsal-lateral prostate of Lobund/Wistar rats Danielpour et al.
established the cell line NRP-152 which are of epithelial origin [26]. The analysis of
the karyotype identifies an aneuploidy with a mostly hypertriploid chromosomal distribu-
tion. In Song et al. the development of the epithelial cell line DP-153 from the dorsal
prostate of Lobund/Wistar rats is reported [128]. The karyotype is aneuploid with most
chromosomes in the diploid range. But trisomy (chromosome 7 and 12) and monosomy
(chromosome 14, 15, and 18) were observed, too. Both cell lines are non-tumorigenic
in athymic mice and epidermal growth factor, insulin, dexamethason, and cholera toxin
are needed for optimal growths. The comparison of IEC-6 cells with the two prostate cell
lines shows no benefit since DP-153 cells and NRP-152 cells have an aneuploid karyotype
and are highly growth factor dependent. Two endothelial cell lines, YPEN-1 and YPEN-
2, were isolated by Yamazaki et al. out of the prostate of a Copenhagen rat. The cells
were immortalized by a hybrid virus [148]. Through the immortalization the cell lines
were classified with biosafety level 2 and are not accredited at GSI. From the fetal rat
small intestine Negrel et al. isolated the cell line IRD-98 which was eliminated because

of the fetal origin and the expected differences to adult tissue [96].
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Beside the IEC-6 cell line Quaroni et al. established one fibroblast cell line and three
further epithelial cell lines from the rat intestine namely RIF and IEC-14 [106] as well
as IEC-17 and IEC-18 [105]. IEC-14 and RIF are sparsely characterized whereas IEC-14
showed no growth inhibition, a life span over 100 passages, and soft agar growth which
is clearly tumorigenic behavior. RIF cells were described as slowly growing (tp= 25 h)
with a poor PE (2.4%) [106]. Both cell lines seem to be not commercially available. IEC-
17 cells were isolated from the duodenum while IEC-18 cells originated from the ileum.
Both cell lines are non-tumorigenic in syngeneic animals, do not grow in soft agar, and
have a diploid karyotype. For IEC-17 cells progressive morphological changes are pub-
lished which seemed not to be spontaneous transformation but a differentiation to defined
cell polarity [116]. This cell line alteration disqualified the IEC-17 cells for further inves-
tigations. Although, the IEC-18 cell line is not well documented in literature it could be
an alternative to IEC-6 cells since their origin is closer to the rectum, they are commer-
cially available (ATCC No. CRL-1589), and up to now no age-dependent changes were
published.

4.1.6 Changing the cell system to human cells

The Dunning prostate cancer cell line system is unique. For human cell lines a com-
parable system is not available. The well documented human prostate cancer cell lines
PC-3 (grade IV adenocarcinoma, epithelium, ATCC No.:CRL-1435, [72]), LNCaP (car-
cinoma, epithelium, ATCC No.: CRL-1740, [58]), and DU-145 (adenocarcinoma, ep-
ithelium, ATCC No.: HTB-81, [130]) offer interesting options due to their different cell
characteristics. But they can not replace a tumor progression model like the Dunning
system with more than ten cell lines [64]. Furthermore, the possibility to perform in vivo
experiments under controlled conditions and compare the results to in vitro experiments
is not given in a human system.

In co-culture the favorite origin for the second cell line is the normal prostate. The avail-
ability of normal human prostate cells is very limited as well as for rat cells. ATCC
offer e.g. only cell lines with biosafety level 2 because of virus immortalization. Via
Bio Whittaker the order of primary normal prostate cells with differing origin is possible
(PrEC (epithelium), PrSMS (Smooth muscle cells), PrSC (stromal cells)). The variability
between different donors of the primary cells could be high, and the co-culture system
needed to be tested with every new cell batch. To conclude, a change of the species form

rat to human is undesirable for co-culture experiments.
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4.2 Mono-culture survival experiments

The pilot project for carbon ion therapy of prostate cancer patients was started with the
goal to compare 30 patients treated with a combined IMRT and a carbon boost with 30
patients exposed to IMRT alone. The carbon ions for treatment were delivered with the
raster scanning technique using a pencil beam that is guided over 3 x 10° voxel of the
tumor volume. This technique guarantees an utmost tumor conform treatment, but needs
in principle, for every voxel the appropriate RBE value. These values are calculated with
the local effect model (LEM) which is based on physical parameters describing the beam
quality and on the biological side the characterization of the cellular repair capacity. For
the RBE calculations the cellular repair to ionizing radiation damages is assessed in X-
ray experiments measuring clonogenic survival. There, the ratio o/ of the linear and
the quadratic term of the dose response curve, respectively, can be used for the RBE
calculations. Although, in therapy the o/ ratio has to be taken from the clinical situation
1.e. from conventional therapy, it is interesting to compare the cellular data obtained in
our measurements with the clinical data. In a very comprehensive research /(3 ratios
between 1.5 Gy and 6 Gy have been reported but quality weighted evaluations converged
at a value of 2 Gy [13]. Therefore, an o/ ratio of 2 Gy is used in the biological treatment
planning phase for prostate cancer at GSI [31]. The «/f3 ratio for conventional external
beam radiation or low- and high-dose-rate brachytherapy is under discussion. Values
between 1.5 Gy [95] and 3.1 Gy [140] are assumed.

The RAT-1 cell line is moderately radio-resistant against 250 kVp x-rays with an /(3 ratio
of 6.8 £ 0.5 Gy (figure 3.11). Experiments with irradiated RAT-1 cells in vitro can not
be found in scientific literature, and in published in vivo irradiation experiments no /3
ratio was determined. Thus, it was not possible to compare the /(3 ratio of RAT-1 cells
to other cell lines in vitro. For six human prostate cancer cells an «/[3 ratio range was
estimated to be between 1.09 to 6.29 Gy [16]. In all planning and treatment a high radio-
resistance of prostate cancers is presumed. In contrast, the RAT-1 cells are only moderate

radio-resistant.

The survival data of carbon ion irradiated RAT-1 cells was compared to calculations of
LEM in its version II and IV (calculations performed by Thilo Elsédsser, GSI, Biophysics
group). LEM I calculated the biological effect according to the dose response of mea-
sured x-ray survival curves [120]. However, radical diffusion and the interaction of single
strand breaks forming double strand breaks were first taken into account by LEM II [33].
The further version LEM III integrated a more realistic characterization of the radial dose
distribution [32]. The latest version LEM IV considers in addition clustered DNA double

strand breaks [31]. The LEM calculation for RAT-1 cell survival after carbon ion irra-
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diation with different energies is based on the average @ and (3 values measured for 250
kVp x-ray irradiation (see subsection 3.3.1). In figure 4.1 the LEM calculations are plot-
ted together with the measured survival curves. LEM IV calculations were in agreement
with the experimental data while LEM II calculations were only suitable for 11.4 MeV/u

carbon ion experiments.

Survival
Survival

0 1 2 3 4 ) 6 7 8 0 1 2 3 4 ) 6 7 8
Dose [Gyl Dose [Gy]
(a) Survival calculations with LEM II (b) Survival calculations with LEM IV

Figure 4.1: Survival curves of RAT-1 cells after carbon ion irradiation in solid lines compared to
LEM calculations in dashed lines. The used carbon ion energies were 11.4 MeV/u (green), 100
MeV/u (red), and 270 MeV/u (black).

The radio-resistance of IEC-6 cells against 250 kVp x-rays changed with time in culture
and differed between cell batches (figures 3.14 and 3.15). Because of this systematic
change mean « and 3 values are not appropriated. Table 3.4 presents all o and /3 values for
the performed x-ray experiments. The IEC-6 cells are more radio-sensitive in comparison
to RAT-1 cells indicated by lower doses which were needed to reduce the cell survival
to 10% (Dyg). The Djy for RAT-1 cells was determined to be 7.0 + 1.4 Gy while the
D,y for IEC-6 cells fluctuate dependent on age between 5.0 and 6.0 Gy (see table 3.4).
The IEC-6 cells were used by other authors in several irradiation experiments with x-rays
or neutrons but o and 3 values or RBE values were not published. In the absence of
other data the determined RBE values for IEC-6 cells were compared to an in vivo mouse
study [39]. In the mouse study the RBE value of the intestine after carbon ion irradiation
(SOBP, different LETs) and '*’Cr v-ray irradiation were measured. The comparison of the
RBE( values for IEC-6 cells and the mouse intestine is plotted in figure 4.2. Essentially,
the plotted RBE values against the LET did not differ. A steeper curve for the IEC-6
cells than for the in vivo mouse data is shown. This demonstrates that an in vitro/in vivo

comparison of experimental data is possible.

The survival curves of IEC-6 cells after carbon ion irradiation were compared with cal-
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Figure 4.2: RBE( of IEC-6 cells (red square) compared to in vivo RBE|( of the murine intestine
(green circle). The RBE | values for IEC-6 cells are average values of four independent carbon
ion experiments and sixteen independent 250 kVp x-ray experiments while the data for murine
intestine are published in [39].

Dose [Gy] Dose [Gy]
(a) Survival calculations with LEM II (b) Survival calculations with LEM IV

Figure 4.3: Survival curves of IEC-6 cells after carbon ion irradiation in solid lines compared to
LEM calculations in dashed lines. The used carbon ion energies were 11.4 MeV/u (green), 100
MeV/u (red), and 270 MeV/u (black).

culations of the LEM in version II and IV which were performed in advance by Thilo
Elsdsser (GSI, Biophysics group). For more details on LEM I-IV see two paragraphs
above. The calculations are based on « and 3 values of IEC-6 cell x-ray curves. As
mentioned previously mean « and (3 values could not be determined due to the changing
radio-resistance of the cell line. To circumvent this problem, an estimation for “mean” «
and [ values was performed as described under section 2.7. The determined values were
for a 0.35 £ 0.02 while 3 was 0.022 £ 0.003 (n=16). The comparison of the experimen-
tal IEC-6 cell data with LEM calculations shows that LEM IV predicted the IEC-6 cell
survival rate more exactly than LEM II. Especially for 270 MeV/u carbon ions, which
represent the energy in the entrance channel, the differences between LEM IV and the

measured data are very small.
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4.3 Co-culture experiments

4.3.1 Comparison of methods: cell pre-seeding versus trypsin treatment

The co-culture survival experiments of IEC-6 cells and RAT-1 cells were performed with
two different set-ups. In the following both methods are discussed with regard to the
protocol for a clonogenic survival assay and the cytokine secretion of the cells into the
medium. In a clonogenic survival assay the cells needed to be trypsinized after irradiation
and reseeded in defined numbers. Not all cells with high radiation damages do re-attach
after the trypsin treatment and are excluded from the experiment. In irradiated tissue no
elimination process took place so that these highly damaged cells exist. The motivation
for method P, where cells are pre-seeded in suitable concentrations, was to analyze the
communication between low, medium, high or not irradiated cells without excluding one
of the sub-population. The pre-seeding was only possible for x-ray irradiation and not for
carbon ion irradiation. At SIS facility the irradiation time span is limited and the irradi-
ation time of the needed culture flasks with pre-seeded cells would have taken too long.
Irradiation at UNILAC facility is only possible in Petri dishes with a diameter of 3 cm
which corresponds to a growth area of approximately 7 cm?. The amount of Petri dishes
for a colony forming assay with comparable colony statistics as in culture flasks would
have been too high. Beside the long irradiation procedure (3 h for a x-ray experiment)
method P has additional disadvantages: a) the real number of irradiated cells is unknown,
b) the irradiated cells were stained after twelve days of grow instead of eleven days, c)
two PE values are needed for survival calculation, and d) the background of cells which
start to grow after irradiation but do not achieve fifty daughter cells is very high. These
uncertainties led to mistakes in the survival calculation and the experimental set-up was
changed.

In method T the cells were trypsinized after irradiation and reseeded in culture flasks
for the clonogenic survival assay. Method T reduced the x-ray irradiation time to 30 min
whereas the number of cells in the culture flask was of little importance during the irradia-
tion. Through the trypsination, all cells were seeded on the same day and could be stained
after eleven days. The additional second PE was omitted. Furthermore, the background
of cells was minimized, which attached but lost their mitotic ability after a few devia-
tions. But the trypsin step might exclude highly damaged cell. A central disadvantage of
method T is the medium exchange after irradiation. If the cells secret substances directly
after irradiation into the medium, these substances can not have an influence on the other
unirradiated cell line, and these substances will not be detected in a cytokine assay. That

there are very fast reactions was demonstrated in co-culture experiment with unirradiated
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and a-particle irradiated human prostate carcinoma cells DU-145 [142]. A bystander
effect in the unirradiated cells could only be observed when the unirradiated cells were
present in the medium of the irradiated cells during the irradiation. If the cells were com-
bined 1 min after irradiation, the effect was not detected. The authors concluded that the
mediating molecule has to be a short life radical other than nitric oxide. With method P as
well as with method T fast reactions like described by Wang and Coderre [142] can not be
detected but for the analysis of cytokine secretion and changing protein profiles method

T is more qualified than method P.

4.3.2 Influence of serum on survival experiments and cytokine detection

The co-cultures survival experiments were performed in serum-containing medium and
with two different serum batches (Biochrom AG, Berlin, Germany). Both cell culture
serums influenced the PE and the survival as demonstrated in table 3.4 and figure 3.15.
But the measured results with serum I could not be reproduced with serum II.

Cell culture serum could contain a variety of cytokines which are not identified and quan-
tified by the producing companies. On inquiry, the Biochrom AG (Berlin, Germany)
declare that all cytokines and growth factors which are able to penetrate the placenta
could be found (mostly in low concentrations) in the fetal calf serum [11]. The different
cytokine composition in the two serum batches caused the differing results in the co-
cultures survival experiments.

Because of the cytokine amount in cell culture serum, the majority of published cytokine
detecting experiments were performed in serum-free culture medium to obtain control-
lable and reproducible growth conditions. However, in this thesis the co-culture cytokine
detecting experiments were performed on purpose in serum-containing medium to achieve
identical conditions to the co-culture survival experiments. A comparative co-culture sur-
vival experiment over eleven days in serum-free medium was not performed since the

lack of serum would lead to growth inhibition or even cell death.

4.3.3 Survival experiments

In the performed co-culture survival experiments the number of direct cell to cell con-
tacts was rare and the communication via gap junctions (direct cell to cell contacts) could
contribute only in a small percentage to the detected effects in survival. Therefore, the
co-culture effect inducing molecule was suggested to be a soluble factor, which is me-
diated via the cell culture medium. It was assumed that more than one factor is respon-

sible for the detected effects in co-culture. First, the PEc, of IEC-6 cells was enhanced
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which indicates an irradiation-independent factor (figure 3.26). Second, a positive sur-
vival effect for RAT-1 cells was only detected when IEC-6 cells were irradiated which
indicates an irradiation-dependent factor (figure 3.27). Third, the IEC-6 cell survival was
only enhanced when both cell lines were irradiated which indicates a second irradiation-
dependent factor (figure 3.29).

The response of unirradiated cells to signals produced by neighboring irradiated cells is
called the bystander effect. The used doses for irradiation (1, 3, and 6 Gy (RBE)) were
therapy related and chosen dependent on the survival level. The irradiation doses were
not in the typical bystander range which is below 1 Gy or above 15 Gy [103]. Neverthe-
less, the bystander effect will be discussed but without great detail. The effect is mediated
by a factor released to the medium or involves direct cell to cell contact via gap junction
whereas the communication via gap junctions is generally down regulated in tumor cells.
In addition, gap junctions limit the signal molecule size to 1,000-1,500 Da, while soluble
factors in the medium can have up to 10,000 kDa which includes cytokines. Bystander
signaling has close parallels to inflammatory response which includes e.g. TGF3, TNFa,
IL-6, IL-8, ROS, and NO. Corresponding to the effect in the whole organism, the analyzed
endpoints are termed the bystander response damaging (DNA damage, mutation, trans-
formation, cell death) or protective (terminal differentiation, apoptosis, radio-adaptive
response). The effect has no dose-response relationship and becomes saturated at very
low doses (below 1 Gy) [103].

Cell lines used in this thesis, RAT-1 cells and IEC-6 cells, were not assayed in bystander
experiments before. The general combination of prostate cancer cells with epithelial cells
was also not studied. In addition, the originating tissue of the RAT-1 cells is unknown due
to the anaplastic character of the cell line. Therefore, the result of this thesis can only be
compared to other publications which combined general prostate cancer with other cells
or epithelial cells with other cells.

The majority of publications which showed a bystander effect on PE or survival com-
bined irradiated cells with unirradiated cells of the same cell line e.g. increasing PE of
unirradiated human epithelial cells in co-culture with irradiated human epithelial cells af-
ter irradiation with carbon ions of differing LET and x-rays [124]. Shao et al. reported
that a higher LET carbon ion irradiation was more efficient in inducing the bystander ef-
fect (increasing PE of unirradiated cells) than a lower LET carbon ion irradiation. An
LET-dependency could not be measured in this thesis. Both cell combinations of unir-
radiated IEC-6 cells with irradiated RAT-1 cells as well as unirradiated RAT-1 cells with
irradiated IEC-6 cells, did not show a LET-dependent increase of PE, independent of the
used serum batch.

Anzenberg et al. studied the co-culture effect of x-ray or a-particle irradiated human
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prostate cancer cells, DU-145, with unirradiated human fibroblasts, AG01522 [3]. They
showed that the survival of unirradiated fibroblasts decreased when the cells were com-
bined with x-ray irradiated but not with a-particle irradiated prostate cancer cells. The
negative effect on the fibroblast survival could be blocked by the nitric oxide (NO) spe-
cific scavenger PTIO, which indicates the involvement of NO in the bystander effect [3].
Furthermore, Wang et al. reported for the same prostate cancer cells, DU-145, a by-
stander effect (micronuclei formation) after a-particle irradiation in unirradiated DU-145
cells which involves a short life radical but another than NO [142].

In co-culture survival experiments, performed in this thesis, the x-ray or carbon ion irra-
diated RAT-1 cells induced a decrease in survival of co-cultured unirradiated IEC-6 cells.
If the decreasing survival of the IEC-6 cells was induced by radicals, the effect should
be more pronounced when higher doses were applied because higher doses of x-rays or
carbon ions produce more radicals than lower doses. But the negative effect on the IEC-6
cell survival was not longer present with increasing delivered dose to RAT-1 cells (see
figure 3.26). Therefore, it is implausible to consider radicals as the only molecule induc-
ing the effect on the survival of IEC-6 cells. It is possible that the effect of radicals is
superimposed by other mechanisms which become relevant at higher doses.

Gaugler et al. irradiated primary human lung endothelial cells with 15 Gy of 6 MV x-
rays and combined the cells with unirradiated human colon epithelial cells. The induced
bystander effects in epithelial cells were decreasing cell numbers and mitotic cells as well
as increased apoptotic cells. The three effects in epithelial cells correspond in general to
reduced survival rate and were enhanced when both cell lines were irradiated [42]. The
detected effects in Gaugler et al. were contrary to the results in this work. In the irradi-
ated sample RAT-1 cells and IEC-6 cells a dose-dependent increase in survival rate was
induced in IEC-6 cells while the RAT-1 cells were not affected (figure 3.29).

In conclusion, these results indicate that not only a cell type specific response to irra-
diation but also the combination of cell type are responsible for the induced bystander
effect.

4.3.4 Cytokines

Based on the detected effect in the survival experiments (see subsection 3.5.1) substances
were chosen for analysis in medium supernatants which could be the affecting mediator.
It was expected to find an inflammatory response after irradiation and that the involved
molecules could be inflammatory cytokines. As mentioned under subsection 4.3.3 at least
three factors could induce the effects whereas one factor is independent of irradiation and

two were irradiation dependent.
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TGFp

TGF (3 could be measured in the performed experiments and the measured TGF3 amount
was adjusted for the medium TGFf level as well as for the cell number which produced
the TGF}(. In all carried out experiments no additional TGFS3 secretion was found through
the irradiation or the co-culturing. It seems that the cells kept the level of TGF( in the
medium constant to the cell number. Furthermore, no active TGF3 was found in prolif-
erating cultures. Active TGF( could only be measured in confluent cell cultures at which
the medium pH was shifted to lower values, which might have activated TGF{.

The decision to analyze TGF was made on the following working hypothesis. The num-
ber of publications is limited which deal in general with in vitro RAT-1 cell experiments
and in particular with cytokine or cytokine receptor production. But it was reported that
the RAT-1 cell line expressed in vitro elevated TGF(1, TGFARI, and TGFSRII mRNA
levels [145]. The effect of TGF(3 on RAT-1 cells is unknown. Since the RAT-1 tumor
cell line is anaplastic, the originating cell type can not be identified (e.g. basal, luminal,
stromal, glandular, epithelium, smooth muscle cells of the prostate). Therefore, direct
conclusions on the TGFf effect on RAT-1 cells are not possible based on the different
prostate cell types. TGF( secretion can be induced by irradiation [2] so that the RAT-1
cells could be stimulated by irradiation to produce and secret the cytokine as well. In
co-culture with IEC-6 cells, the medium mediating TGF/3, secreted by the RAT-1 cells,
could induce effects in the IEC-6 cells. Podolsky reported that TGF/ negatively affects
the proliferation of IEC-6 cells [102]. By Ko et al. it was shown that TGF/j arrests the
IEC-6 cells in G-phase by blocking the induction of cyclin D1 [75]. In summary, the
irradiation should induce TGF/ secretion by the RAT-1 cells and this medium mediated
TGF( should reduce or affect the survival rate of co-cultured unirradiated IEC-6 cells.
With this hypothesis the reduced survival rate of unirradiated IEC-6 cell in co-culture
with irradiated RAT-1 cells should be explained. But in the performed experiments no

additional TGF( was found so that the hypothesis was disproved.

TNF«a and IL-2

The motivation to measure both cytokinesTNFa and IL-2 was based on the paper by Lyu
et al. which demonstrated that IEC-6 cells are able to secret TNF« and IL-2 after LPS
stimulation [87]. For a long time, IL-2 and TNFa were thought to be only produced and
secreted by cells of the immune system. But several publications showed that also other
normal cells or tumors cells are capable of IL-2 [110] and TNF« [107] production as

well as secretion. IL-2 has been detected in normal tissues like endothelial and intestinal
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epithelium to stimulate the proliferation [5] which was also published by Shigematsu et
al. for the IEC-6 cells [126]. For TNFa an effect on cell proliferation, differentiation,
and induction of other cytokines in epithelial cells was reported [107]. In agreement with
these results TNFa induced in IEC-6 cells DNA synthesis and increased cell proliferation
[149]. The IEC-6 cells were combined with the prostate cancer cell line RAT-1. In highly
proliferating tumors like prostate tumors increased expression of IL-2 and IL-2R has been
reported [41]. On RAT-1 cells IL-2 has in vivo an inhibitory growth effect [70, 54]. TNF«
induced slower tumor growth in vivo in some Dunning sub-lines [125]. This result was
not reproduced in in vitro experiments with the same sub-lines [135]. Until now the ef-
fect of TNFa on RAT-1 cells was not investigated, which means that a negative effect on
proliferation can but do not necessarily have to appear.

The working hypothesis for TNFa and IL-2 measurements was as followed. In the co-
culture survival experiments a negative growth effect on the RAT-1 colonies and a positive
growth effect on the IEC-6 colony formation concomitant with increased colony size were
detected (see section 3.5.1). IL-2 and TNFa could mediate the detected effects since IL-2
and TNFa induced proliferation and DNA synthesis in IEC-6 cells as well as the cytokines
promoted growth inhibition in vivo in RAT-1 cells at which IL-2 in vitro also inhibit the
RAT-1 cell growth. But in the performed experiments neither TNFa nor IL-2 could be
detected. It might be that the sensitivity of the used ELISA was not high enough. The
detection limit of both used ELISA kits was 62.5 pg/ml. Human serum e.g. contains a
IL-2 level of 5-15 pg/ml [6]. The used fetal calf serum was not tested for IL-2 and TNF«
levels but the manufacturer assumes that low amount of both cytokines are present in the
serum [11].

In summary, in the analyzed cell system only TGFg3 could be detected while IL-2 and
TNFa were not secreted by the cell line or below the detection limit of the assay. Since
the whole TGF3 amount in the supernatant was determined, the origin cell line could not

be named.

The three analyzed cytokines TNFa, TGF/, and IL-2 can not represent the huge and
complicated signaling system which is induced in cells after irradiation. Other interesting
cytokines for analysis in co-culture would be IL-1c, IL-14, and IL-6. IEC-6 cells have
large intracellular IL-1« pools which the cells do not secret. Stadnyk ez al. suggested that
IL-1a pools might be released from damaged cells and might act on neighboring cells
[129]. It might be that the secretion can be induced with ionizing radiation.

Beside IL-1a detection it would be interesting to analyze the interplay between IL-17,
TGFS3 and IL-6 which could partly explain the results of the co-culture survival experi-
ments. IL-15 and TGFf strongly modulate the IL-6 section by IEC-6 cells [90]. IL-6
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itself modulates the intestine cell population. In addition, IL-1 enhance epithelial cell

restitution and enhance the production of active TGF{ [102].

A further result of the co-culture was the increasing PE of IEC-6 cells in co-culture with
unirradiated RAT-1 cells (see figure 3.26). An increasing PE can be caused by enhanced
cell adhesion or proliferation. The adhesion-mediating molecules between cells or cells
and matrix are integrins. Integrins regulates the adhesion in G;-phase and the entry in S-
phase of the cell cycle. In addition, integrins are connected to the actin cytoskeleton and
control proliferation as well as migration [60]. A second group of adhesion molecules are
cadherins. The major expressed cadherin in epithelium is E-cadherin which is important
in cell-cell contacts [49].

Independent of the co-culture the IEC-6 cell line underwent huge changes in PE, cell
doubling time, and radio-resistance (see sections 3.2 and 3.4). An integrin which is is
involved in all three processes is integrin 1. Integrin 51 mediates cell-matrix interactions
(proliferation) and is associated with malignant progression (migration). Furthermore, it
is mediating pro-survival signaling as well as resistance to radiation [24]. It would be
interesting to analyze the integrin profile with special regard to integrin 1 and the E-
cadherin appearance in mono-cultures and co-cultures of IEC-6 cells to see a) if the mono-
culture modify the expression integrin 1 with age, which could explain the detected
changes in IEC-6 mass cultures and b) if the co-culture induced changes in the adhesion
molecule expression, which could stimulate the adhesion or the proliferation of IEC-6

cells.

4.4 Hypoxia chamber - measurement of the oxygen effect

To analyze the radiation response of cells under hypoxic conditions the container in which
the irradiation takes place has to fulfill several criteria which were mentioned in sec-
tion 2.5. No suitable application was found to be commercially available. For example
Billups-Rothberg Inc. (San Diego, CA, USA) and Biopherix Ltd. (Lacona, NY, USA)
offered hypoxia chambers made of plastic and stainless steel. Both containers are com-
parable to an incubation with an additional influx for gas mixtures (see figure 4.4) and do

not allow sample irradiation.

To determine the oxygen effect, RAT-1 cells were irradiated in the hypoxia chamber which
was developed for the irradiation with x-rays and ions under oxic and hypoxic conditions.
Therefore, the cells were seeded on bioFolie 25 instead of in Petri dishes or in culture

flasks. Details on construction and sample handling are given in section 2.5 while in sec-
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Figure 4.4: Cell culture system for hypoxic conditions. Left panel: Hypoxia chamber from
Billups-Rothberg Inc., right panel: Hypoxia Chamber from Biopherix Ltd.

tion 3.6 the obtained results are presented.

4.4.1 OER for x-ray irradiation

The incubation at room temperature did not further affect the PE of cells growing on bio-
Folie 25 at which in general the PE on bioFolie 25 was lower than the PE in culture flasks.
In 250 kVp x-ray experiments performed under oxic conditions the standard deviations
of survival increased continuously from 12% to 65% (0 Gy to 10 Gy, r* = 0.96) while the
standard deviation for hypoxic survival experiments was 29 4+ 9%. The detected errors
in the hypoxia chamber were higher for oxic experiments than the error of experiments
performed under oxic conditions in culture flasks. Here the standard deviation increased
continuously from 10% to 51% (0 Gy to 10 Gy, r* = 0.87). But the survival data under
oxic conditions obtained in culture flasks or in sample rings were comparable as shown in
figure 4.5. It seems that the survival under oxic conditions is more strongely influenced
than the survival under hypoxic conditions since the oxic experiments had higher error
values independent of the growth support. It might be that the oxic survival is affected
more by sub-lethal damages because of the damage fixation with oxygen than the hypoxic

survival. Under hypoxia the purely lethal damages were measured.

The stronger increase of the error at higher doses indicates different radio-sensitivities in
the cell culture. A reason for the different radio-resistance may be the different situation
during the gassing time. Whereas the hypoxic samples where gassed for 2 h with a mix-
ture of nitrogen and 5% CO, at room temperature, the oxic chambers stayed for the same
time at room temperature but without additional CO,. During the 2 h at room temperature
the pH of the oxic samples changed to alkaline values optically evaluated by color change
of pH indicator phenol red from light red into deep red. It might be that the slightly en-

hanced pH influenced the radio-sensitivity of the cells. Jayanth et al. demonstrated that
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Figure 4.5: RAT-1 cells: Comparison of cell survival after 250 kVp x-ray irradiation under oxic
conditions in culture flasks and sample rings.

cell survival after x-ray irradiation is reduced when the cells are cultured in medium with
a pH beyond the optimum (6.6) whereas a lower medium pH (6.0) affect the survival more
than the higher medium pH (7.6) [69]. In future experiments the oxic sample will be aer-

ated with a gas mixture composed of synthesized air with 5% CO, to avoid possible errors.

A second reason for the changing radio-sensitivity may be that differences in cell cycle
phases are expressed more under oxic than under hypoxic conditions. Hypoxia, with oxy-
gen levels under 0.5%, induces an arrest in S-phase while oxygen levels above 0.5% have
little effects on cell proliferation [8]. With the used system oxygen levels below 0.5% are
achieved after ~ 70 min of gassing. Since the total gassing time is 2 h, in the additional
50 min a partial synchronization of the cells in S-phase can appear. The reoxygenation
after hypoxia activates ATM which induces G,-phase arrest [8]. I showed that RAT-1
cells underwent G,/M-phase arrest after irradiation independent of the reoxygenation af-
ter irradiation. The induced G,/M-phase arrest after reoxygenation, is therefore of minor
importance in the performed experiments.

As mentioned previously, the medium pH of oxic samples in hypoxia chamber shifted
toward alkaline values within 2 h. Musgrove et al. demonstrated that the intracellular pH
has an influence on the cell cycle phase [94]. Higher pH is associated with enrichment of
cells in S-, G;-, and M-phase. If the extracellular pH of the medium influence the intra-
cellular pH within 2 h, is not known. But the possible cell cycle shift in the oxic samples

would be comparable to that of the hypoxic samples.

The OER, calculated with the cumulative curves, for x-ray irradiation was 2.35 4+ 0.13

89



4 Discussion and outlook

in this thesis. But a dose dependent change of the OER was detected. For higher survival
levels the OER decreased to 2.18 (90% survival). This has also been reported by Freyer
et al. which analyzed the OER as a function of cell cycle [36]. The OER was higher for
cells in S-phase (2.8-2.9) compared to cells in G,-phase (2.6-2.7) or G;-phase (2.3-2.4).
They concluded that the OER of cells in one cell cycle phase is a purely dose-modifying
effect. In asynchronous proliferating cells increased the OER with dosage because of the
changing radio-resistance of the cells in different cell cycle phases. The changing OER
in this thesis demonstrated that no partly synchronization took place through the hypoxia
or the pH shift in the oxic samples. The oxic survival curves fluctuated more than the
hypoxic survival curves which is indicated by higher standard deviations (see three para-
graphs above). With the most sensitive and the most resistant oxic survival curve as well
as the cumulative hypoxic survival curve a minimum OER;, of 2.01 and an maximum
OER( of 2.84 was calculated.

A comparison of the determined OER values with literature data is presented in table 4.1.
The OER for x-rays is in agreement with the values determined in Zdlzer and Streffer
[151] while Hirayama et al. measured a higher OER [56]. The differences may be ex-
plained by the used cell lines. In the case of this work as well as in Zolzer and Streffer
study tumor cells were used [151] while Hirayama et al. worked with normal cells [56].
Furthermore, the irradiation modalities in this work were more similar to Zdlzer and Str-
effer [151] than to Hirayama et al. [56]. But concerning the hypoxic gassing Hirayama et
al. performed their experiments using a comparable set-up [56]. In the itemized literature
(see table 4.1) the oxic samples were gassed with air/ 5% CO, which was not done in this
work. As mentioned above in future experiments the oxic samples will be gassed as well.
As expected, OER values obtained in model calculation of the clinical data on prostate
cancer patients are lower, as 100% hypoxia will not be reached in tumors or otherwise

leads to necrotic tissue.

4.4.2 OER for carbon ion irradiation

The RBE values of carbon ion experiments determined under oxic conditions in the hy-
poxia chamber can be compared with RBE values determined in culture flasks under the
same irradiation conditions. Figure 4.6 presents the comparison. For RAT-1 cells grow-
ing on bioFolie 25 the RBE( i was 2.5 while the RBE,, i was 6.0. In figure 4.6 it
is shown that the RBE i value fits perfectly to the RBE values determined in culture
flasks while the RBE,, .xic 1s higher. The deviation might be due to the fact that the un-

derlying fit parameter « of the survival curves is very sensitive to fluctuations especially
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Table 4.1: Comparison of OER values found in literature (Lit) and OER values determined in this
work.

Lit Gassing Cell line Irradiation OER
This  95% Ny+5% CO, RAT-1 tumor, rat 250 kVp x-ray 22+0.1
work  /air
[151] 95% N;+5% CO, Bell tumor, human 240 kVpx-ray 2.1 +0.5
fair+5% CO,, MeWo tumor, human 2.1+0.3
3 h under 4197 tumor, human 23 4+0.1
hypoxic condition 4451 tumor, human 25£0.7
[56] 95% N,+5% CO, / CHO normal, hamster 200 kVp x-ray 2.8 +0.2
air+5% CO,
This 95% N»,+5% CO, RAT-1 tumor, rat carbon ion, LET 1.5
work  /air 100 keV/pm
[40] 95% N,+5% CO, / salivary gland tumor, carbon ion, LET =2
air+5% CO, human 100 keV/um
V79 normal, hamster ~ 2
[S6] 95% N,+5% CO, / CHO normal, hamster  carbon ion, LET 1.8 4+ 0.0
air+5% CO, 80 keV/um
[141] clinical data, prostate cancer patients, model calculation 1.4 (CI 1.2-
1.8)
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Figure 4.6: RBE,, (circle) and RBE(y (square) determined with RAT-1 cells in culture flasks
(closed symbols) compared with RAT-1 cells on bioFolie 25 in the hypoxia chamber (open sym-
bols) plotted against the LET.

in the case of low statistics like that for survival curves irradiated with carbon ions (oxic:
n=2) in the hypoxia chamber. In principle, the measured RBE values indicates that the
cell survival rate was not affected through the cell growth on bioFolie 25 and the sample

preparation method.

The OER obtained for carbon irradiation with a SOBP and a LET of 100 kev/um was 1.5.
This value is compared to literature data in table 3.11 as well. Despite the low statistics
of carbon ion experiments performed in hypoxia chamber (oxic: n=2, hypoxic: n=1) the
obtained OER value was in agreement with published data. Additional experiments will

be performed and determine a more precise value.

4.4.3 Gassing modalities: acute or chronic hypoxia

It was demonstrated that the developed hypoxia chamber is suitable for x-ray and carbon
ion irradiation under hypoxic and oxic conditions. The hypoxia was achieved by gassing
with 200 ml/min over 2 h with 95% N,/5% CO, as measured with the optical O,-sensor
and the thermal mass flow meter.

The normal oxygen supply in tissue is ranging from atmospheric levels of nearly 21% O,
(159 mm Hg) to 2-8% O, (15-60 mm Hg) [84]. Tumor tissue often is characterized by a
partial lower oxygen pressure of ~ 10 mm Hg (1.32% O,) [14] which causes altered gene
expression and radio-resistance [18]. This lower tissue supply occurs when the supporting
blood vessel is more than 100-150 pm away from the cells. Studies show that hypoxia is a
very dynamic process in tissue. An acute hypoxic status in vivo is resolved within 20 min
while chronic hypoxia can retain for hours or even days [14]. With this definition the
performed experiments were done under chronic hypoxia. To measure cells under acute

hypoxia, the chamber has to be deoxygenated, irradiated and reoxygenated within 20 min.
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This is technically not possible with the existing chamber and sample ring. It is difficult
to evaluate if the hypoxia definitions made in vivo should be adapted to in vitro experi-
ments. There are publications in which hypoxia is achieved in 1 h [40, 56] but shorter
time periods to reach hypoxia through gassing could not be found in scientific literature.
To develop new strategies for deoxygenating, the oxygen content in the chamber was cal-
culated. The hypoxia chamber sample ring has a capacity of 1.4 ml medium. The oxygen
content in 1.4 ml medium can be calculated with the assumption that the oxygen amount
solved in medium is equal to that solved in water. The room temperature is assumed
to be 25°C which corresponds to 8 mg/l solved oxygen in water. The molecular weight
of O, is 32 g/mol. Taken together in 1.4 ml water, respectively medium, 0.35 pmol of
oxygen is solved. The oxygen exchange is proceed via the whole surface of the bioFolie
25 (6.3 pmol/cm?h) which is in contact to medium (7.6 cm?). During the 2 h of gassing
an exchange of ~ 95 ymol O, is possible. This means that the permeability of bioFolie
25 for oxygen does not limit the time for reaching hypoxia. The deoxygenating process
of the medium can be modulated through the gassing as shown under subsection 2.5.3.
The higher influx enhances the gas cross-flow along the medium/membrane-interface and
ensures a consequently low oxygen level along the membrane-interface. This might have
had an influence on the oxygen concentration gradient in the medium. In addition, the
oxygen consumption of cells growing on the membrane is important for the rapid de-
crease of the O,. Typical O, uptake ratio for CHO cells, which were grown for 48 h in
culture, were determined to be 1.8-10'* mol O,/h-cell [27]. Assuming that one RAT-1 cell
has a similar O, uptake ratio and that 2x10° RAT-1 cells were grown on the membrane,
these cells would consume 0.128 pzmol O, within 2 h of gassing. It seems that the diffu-
sion of oxygen molecules from deeper medium layers to the medium/membrane-interface
define the time for achieving hypoxia conditions. In 1955 Wilke and Chang developed a
correlation for diffusion coefficient in liquids [146] which is based on Stockes-Einstein

equation.

T (V0 - Mio0)™®
n-Voy

Do, 1,0 =T7.4-107% (4.1)

With Eq. 4.1 the diffusion coefficient for oxygen in water Do, _ 7,0 [cm?/s] was calculated
to be 2.26 -10~° em?/s where T is the absolute temperature [25°C = 298.15 K], ¥ 1,0 an
association parameter for the solvent water [2.26; [111]], My,o the molecular weight of
water [18 g/mol], n the viscosity of water [0,8904 cP = g/cm-s-107?; [143]], and Vo, the
molar volume of oxygen [25.6 cm’/mol; [144]]. During 2 h of gassing an O, molecule
can diffuse through 0.163 cm?. This time is the minimum needed for an O, molecule to

diffuse from the center of the medium layer over the membrane when assuming that the
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molecule moves with a directed motion to the membrane caused by the oxygen concen-
tration gradient in the medium. To measure cells under acute hypoxia the amount medium
and the amount of O, has to be decreased. This is only feasible with reduced thickness of

the sample ring from 3 mm to lower values.

4.4.4 Hypoxia chamber: outlook

Beside the gassing procedure there are other steps which need to be optimized. The
silicon paste for connecting the foils with the ring is a time consuming method and is not
suitable for high sample numbers. Tests with different glues are in progress to simplify
the technique, reduce the preparation time, and provide opportunities for the sterilization
process. For upcoming research the question of the irradiation of several samples in
one chamber is of interest to measure e.g. a complete depth dose profile under hypoxic
conditions. With regard to simulating a tumor with its surrounding tissue a chamber will

be developed in which samples with different oxygen status can be measured.

The cooperation with Dr. P. Peschke from the DKFZ allows an in vivo/in vitro comparison
of all data. Concerning hypoxia, a direct comparison does not seem to be possible. Halin
et al. exposed RAT-1 cells in a Billups-Rothberg Inc. chamber over 24 h to a hypoxic
gas mixture (1% O,, 5% CO,, 94% N,) and analyzed the status of angiogenetic factors
and chemokines afterward. The in vitro data were compared to in vivo experiments. The
authors reported that no major differences between in vitrro RAT-1 cells under hypoxic
or normoxic conditions were detected but the comparison to the in vivo data showed
large differences to the in vitro data. They concluded that the changed expression profile
between the RAT-1 tumors and the RAT-1 cells was due to the surrounding tumor host
cells [51].
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Annex

Used solutions
Soerensen buffer

> (0.067 M NapyHPOy in purified water (Merck KGaA, Darmstadt, Germany)
> 0.067 M KH,POy in purified water (Merck KGaA, Darmstadt, Germany)
> mix in equal volumes

> pH6.8

threefold methylene blue

> 300 ml Lofflers methylene blue solution (Merck KGaA, Darmstadt, Germany)
> 90 ml 0.1% potassium hydroxide in purified water

> 50 ml methanol for analysis (Merck KGaA, Darmstadt, Germany)

> 560 ml purified water

Gal buffer

40 mM Na,HPO,4 x 12 H,0
40 mM CgHgO7 x H,O
dissolve in 1 1 purified water
adjust pH with NaOH to 6.0
add

5 mM Kj[Fe(CN)g]

5 mM K4[Fe(CN)s]

150 mM NaCl

2 mM MgCl, x 6 H,O

YYVYVYYYYVYVYY

X-Gal staining solution

> 5 mg X-Gal (5-bromo-4-chloro-3-indolyl-3-D-galactoside)
> 280 pl C3H7NO

> 720 pl X-Gal buffer

> dilute before use to 1 mg X-Gal with X-Gal buffer
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