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Chapter I

INTRODUCTION



Li. INTRODUCTION

Malignant tumour cells differ from the normal cells firoin which they derive by

the following general characteristics: (a) homeostaric control mechanisms are last GT

reduced resulting in cell production surpassing cell loss, and (b) the development of

the capacity for local invasion and distant metastasis. Present forms of canter

treatment are aimed at reducing one or more of these characteristics. Radiation

therapy, one of the major forms of cancer treatment is based or the ability of ionizing

radiation to stop proliferation of cells and to kilt cells.

At present, the most widely used therapy against cancer is surgery, but 47% of

all cancer patients in the Netherlands will receive some form of radiotherapy, cither

curative or palliative, often in combination with other therapies such as surgery,

chemotherapy, immunotherapy or hyperthermia tl99\ Over the last one or two

decades, radiotherapy treatment has improved due to advances in physics research,

resulting in better radiation equipment, improved dosimetry and the introduction of

computer planning methods. Nevertheless, radiotherapy still needs improvement, since

the percentage of success remains poor in some tumour types and subgroups, despite

the fact that approximately 50% of the patients receive radiotherapy with curative

intent (199). To improve cancer therapy in general, biological differences between

tumours and normal tissues need to be better defined and exploited. If the biological

differences between normal tissues and tumours can be increased, increases in

therapeutic gain will follow. This is a subject of high priority in basic and applied

cancer research, including clinically oriented radiobiology investigations. This thesis

presents results of such an investigation in which an attempt is made to exploit kinetic

changes after irradiation in order to increase the therapeutic gain.

In this introductory chapter, after reviewing current radiotherapy practice, an

overview will be given of the basic radiobiological parameters which will influence

radiation response to both low and high dose rate irradiation. Special emphasis wfll

then be given to the role of cell kinetics in determining the outcome of radiation

treatments, including methods of measurement, leading on to an outline of bow



therapies based on kinetic changes could be designed. Finally, the experimental model

primarily used in the present studies, i.e. xenografts in nude mice, will be reviewed.

1.2. PRESENT RADIOTHERAPY PRACTICE:

A BRIEF OVERVIEW

Historically, as recently reviewed by Thames and Hendry (253), radiotherapeutic

practice developed, largely on empirical grounds, in two different directions: high dose

rate irradiation (HDR) and low dose rate irradiation (LDR). In the first treatment

regimen, using high dose rate irradiation, the total dose of 40-70 Gy to be given in

the course of radiotherapy is split into many small fractions of 2 Gy given daily over

a period of several weeks (fractionated radiotherapy). Splitting the dose into different

smaller fractions allows repair of radiation damage after each fraction, which will give

the normal tissue, but unfortunately also the tumour, the chance to recover. In the

second type of treatment regimen the dose is given at a low dose rate (LDR). The

total exposure time is lengthened from minutes to hours. This can be achieved either

by changing the source-patient distance (e.g., telecobalt; 189), or by using intracavitary

or interstitial therapy with radioactive implants (brachytherapy; e g > 71). When the dose

per fraction was lowered, or (equivalently) the dose rate was lowered, it was found

that late reacting normal tissues such as lung and kidney were spared relative to

tumours and early reacting normal tissues. Secondly, the steep dose gradient in

brachytherapy, resulting in lower total doses towards the periphery of the irradiation

field, was thought to play an important role in sparing surrounding normal tissues and

thus enhancing the therapeutic ratio.

Knowledge of radiobiological factors gained over the last 10 years or more

concerning recovery potential and survival curve shapes, have provided the theoretical

basis for new schemes of fractionated radiotherapy. Leading on from these radio-

biological concepts it was pointed out that although 5 fractions of 2 Gy every week

might be a reasonable "average" treatment, the therapeutic gain might be enhanced

if doses below 1.8-2.0 Gy per fraction were applied (54,72,251,252,288) LoWer doses per



fraction spare slowly responding tissues more than early responding tissues and

tumours. Differences in repair rate and repair capacity of different tissues and tumour

types would theoretically require different fractionation intervals to optimize the

therapeutic response. In addition, the time of onset and the rate of repopulation will

differ from tissue to tissue and between different tumours, with the result that the

overall duration of a course of radiotherapy should not be the same for all tumours

(253) Possibilities of improving fractionated radiotherapy have therefore been directed

towards two approaches, i.e. exploiting differences in repopulation and differences in

repair:

1. The use of several fractions per day to shorten the overall treatment time without

necessarily changing the dose per fraction. This has been termed "accelerated

fractionation".

2. Reducing the dose per fraction while keeping the overall treatment time constant.

This necessitates increasing both the number of fractions and the total dose, and

therefore involves the use of multiple fractions per day. This type of treatment

is termed hyperfractionation (2S2\

Accelerated fractionation might be the therapy of choice for rapidly repopulating

tumours and hyperfractionation for slower growing tumours (26°). Besides cell kinetics,

differences in fractionation sensitivity between tumours and early and late responding

tissues, which are characterized by different a/3 ratio's (see section 1.3), determine

the choice of altered fractionation schemes. Hyperfractionation would be beneficial in

treating tumours with high a/3 ratio's, which show less fractionation sparing effect

compared to surrouding normal tissues with low a/0 ratio 's C252-253). Leading on from

these concepts, it is clear that the measurement of both proliferation rate and

radiosensitivity in individual tumours could be valuable in choosing the optimum

therapy for each individual patient. This has lead to a considerable increase in

experimental studies designed to develop more accurate predictive assays for these

parameters which can be applied in a routine way in the clinic C17'25'185).

Several trials of accelerated fractionation have been performed or are now

underway (e*» 148»182). The relevance of repopulation kinetics, the primary rationale



for the trials, has been discussed by several authors ^e"s> 73.154.184.186.260). A

randomized trial of hypsrfractionation in head and neck cancer has demonstrated some

advantage as opposed to conventional radiotherapy schemes (w6\ In other reports on

hyperfractionation (5>56>155)5 differences in repair capacity and repopulation rate were

discussed, although the role of cell cycle redistribution, also a potential influencing

factor, was not considered. The effects of radiation-induced synchronization in altered

fractionation schemes have not been a major issue of investigation although their

possible role was discussed by Zeman and Bedford (293) who suggested that differences

between early and late reacting tissues after changes in fractionation pattern might at

least partly be explained in terms of cell cycle redistribution. Some experimental studies

(23,256) j j a v e ^ 0 ^ tjjaj therapy directed to cell kinetic parameters (the cell kinetically-

directed therapeutic approach) can be effective and is therefore likely to also play a

role in altered fractionation schemes as well. The role of synchrony-based therapy

clearly deserves further study.

1.3. RADIATION SURVIVAL MODELS

Cell killing by irradiation has been shown to correlate with the induction of

chromosomal aberrations (38>135). It was concluded from this and other data that DNA

is the prime target for irradiation. The assumption that a vital target had to be hit

to kill the cell, provided the first simple radiation survival curve model (134). In this

model, the relation between dose and cell survival was described essentially by an

exponential function. The more advanced models that are now in use to describe the

survival of cells after graded doses of irradiation are still partly based on this

assumption. Radiosensitive targets are defined as molecules or structures that

determine cell survival. The target will be directly or indirectly hit through ionizations

in the cell caused by the irradiation. Two of these models will be mentioned in this

thesis, i.e. the "Multi-Target, Single-Hit model" (19>61), and the "linear-Quadratic

model" (33>121).

The simple single-hit model suggested that two or more targets must each receive



a single hit before the cell is killed. A more elaborate model was based on the

observation that survival curves of mammalian cells could not always be described by

a simple exponential function but showed a so called "shoulder" at the lower doses

(Figure 1.1.a). This indicated that at lower doses not all hits were lethal. At higher

doses a straight line could be drawn through the data, showing that cell killing was

more efficient. The latter part of the curve can be described by the equation of the

single hit model:

SF = n.e -D/D0 (1)

where n is the extrapolation number, found by extrapolating the straight part of the

curve to the y-axis at zero dose. Do is the slope of the line in the exponential region.

In addition to "n", another measure of the width of the shoulder is obtained from the

Dq value (quasi-threshold dose), the dose at which the extrapolated survival curve

intercepts the 100% survival axis (Figure 1.1.a). The model, as described through

equation 1, however, implies a curve with an initial zero slope, which would indicate

that lower doses will produce no cell killing. Most experimental data showed that there

is cell killing at lower doses, and therefore the multi-target single-hit model was put

forward (19>61), which suggested that a variety of processes can kill cells. The model

combines the principles of the single-hit model (equation 1) with a multi-target model,

in which a single-hit is supposed to be lethal. The multi-target single-hit model is

described by equation 2:

SF = e"D/D1 x [l-(l-e-D/D0)n] (2)

the Do of the first term is renamed Dj.The model that is increasingly used in clinical

radiobiology is the linear-quadratic model, written as:

S F = e -(«



where SF is the surviving fraction, D the dose, and a and (3 are the coefficients of

the linear (dose) and quadratic (dose squared) terms (Figure 1.1.b). In the theory

developed by Chadwick and Leenhouts ^ \ it is assumed that lethal lesions are caused

by double strand breaks in the DNA. When the double strand break is not repaired,

cells die in the process of reproduction (reproductive death). The double strand break

is formed when an ionizing particle causes single strand breaks in two adjoining

strands, which are then not able to serve as each others template in the repair

process. When two single strand breaks are caused by one particle, the number of

lethal lesions (E) will linearly increase with dose (Ea=aD). When two different

surviving fraction (SF)

10- A B

0.1 _

0.01-

0.001
dose (Gy) <xfn dose(Gy)

Figure 1.1.a: Multi-target, single-hit model. Parameters to describe the survival curve following the multi

target model are: DQ, Dq and n. DQ is found from the slope at higher doses, where the dose DQ is able to

kill 63% of the cells. The extrapolation number n is a measure for the amount of sublethal damage needed

to accumulate to obtain one lethal lesion, and a measure of the width of the "shoulder" of the curve. Dq

(quasi-treshold dose) also is a measure of the shoulder. A complete equation to describe the curve is given

by the multiple-target single-hit equation: SF = e" D / D 1 x [ l - ( l -e"D / D 0) n] . The factor D j is used to describe

the slope of the initial part of the curve (see 1.3.). b: Linear-Quadratic model. The survival curve as described

by the LQ model is a combination of two factors, the a and the 3 component. At lower doses, the a

component is predominant while at higher doses the 3 component. At the dose a/3 the contributions of each

component are equal.



particles are involved, the number of lethal lesions will increase quadratically

= 3D2). The total amount of iesions will be:

E = aD +3D2 (4)

from which equation 3 can be derived. In addition to providing a good fit to cell

survival curves in vitro, the LQ model provides a good fit to the response of both

early reacting and late reacting tissues to fractionated radiotherapy O0.53-253"288). it

thus contributes a suitable way of describing the fractionation response of various

tissues to radiotherapy, and can be used as the basis for calculating changes in total

dose necessitated by fractionation scheme changes. In this application, it provides a

mathematical way of describing data and the underlying mechanism is not important.

The LQ model is used to describe the survival curves in this thesis.

The slope of the survival curve can also be used as a measure of radiosensitivity

when comparing different cell lines. A steeper slope means a more radiosensitive cell

line. Elkind and Sutton (59) described increased sensitivity of cells to irradiation after

an initial increase in survival following a first radiation dose. The same pattern of

sensitivity changes as a function of time was found in tissues in vivo, including

tumours 08,63,255,280,282) j t w a s SUggeste(j frOm t n e results obtained by Elkind and

Sutton f59-60), and by Terasima and Tolmach C249-250), that different radiosensitivities

were associated with different cell cycle phases (see 1.5.c).

1.4.RADIOBIOLOGICAL FACTORS INVOLVED IN RESPONSE

Radiobiological factors affecting the outcome of fractionated radiotherapy have

been listed as the "4 R's of radiotherapy" ^287>:

1. Repair of radiation damage.

2. Redistribution of cells over the different phases of the cell cycle.

3. Reoxygenation of cells that were deprived of oxygen because of an insufficient

blood supply.
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4. Repopulation of the surviving cells during radiotherapy.

The R-factors that have been the subject of most investigations are repair,

repopulation and reoxygenation. This thesis deals with the second of the four

radiobiological factors; i.e. redistribution of cells over the cell cycle. The possibility

of exploiting this factor to increase the effectiveness of radiotherapy was investigated

in both in vitro and in vivo models.

The factors listed above apply not only to the most usual situation in radiotherapy

where high dose rate irradiations are used, but also to low dose rate irradiation, an

increasingly used and useful way to deliver radiation dose. As with fractionated high

dose rate irradiation, the cell's ability to recover from radiation damage is of vital

importance in determining the outcome of therapy. When cells are irradiated with

HDR irradiation the survival curve shows a shoulder at low doses, followed by a

steeper part at higher doses. After LDR irradiation, this shoulder disappears and the

survival curve becomes less steep C88-90), In general, therefore, as the dose rate is

lowered, the biological effects of a given dose are reduced compared with the

equivalent dose of HDR irradiation. Explanations for this phenomenon can be found

in the various radiobiological processes which play a role during LDR irradiation

(90,91).

1. Sublethal damage is repaired (SLDR), enhancing overall survival.

2. Cells are redistributed into radiosensitive phases by irradiation ^see 1.5.c). This

redistribution may lead to enhanced cell killing so that this phenomenon may

(partly) oppose the effects of SLDR.

3. During LDR irradiation the exposure of cells may be as long as the cell cycle

time, and cells may be able to continue proliferation. This repopulation may

balance the cell killing induced by irradiation.

All these effects apply to cells as well as to tumours in vivo. In tumours,

reoxygenation may also play a role. Previously hypoxic cells reoxygenate as a result

of irradiation and become more radiosensitive, so the decrease in effect of LDR

irradiation for a given dose, due to SLDR and repopulation, may be balanced by the

increase in killing due to reoxygenation, as was found for example in the KHT



sarcoma

The relationship between the dose rate and the four R's in vivo has been

reviewed by Stee! et al. C242-243). For irradiation with a dose rate higher than 3 Gy/hr,

repair (and possibly reoxygenation) will be the dominating R-factor determining the

success of therapy.

When the dose rate is decreased down to 0.2-1.0 Gy/hr, the shoulder of the

survival curve becomes less steep and the extrapolation number n approaches 1. This

means that eventually only lethal damage is expressed, and it was concluded, as

mentioned for cells in vitro, that sublethal damage (SLD) at low dose rates is fully

repaired during irradiation. As exposure times are prolonged to times exceeding the

repair half time (on average 4-6 hrs), any injury expressed after irradiation is probably

of the irreparable type. Sublethal damage is completely repaired and only lethal

damage is left and a lower surviving fraction (SF) is observed. Complex responses

were noticed, however, since in some experiments lower dose rates were found to be

more damaging than higher dose rates. This "reversed dose rate effect" (161"163) was

attributed to cell cycle progression leading to cyclic changes in radiosensitivity which

can counteract the effects of repair. At dose rates between 1.2 and 3 Gy/hr blocks

and delays in cell cycle traverse will appear, leading to a prolonged cell cycle.

Irradiated cells will be arrested due to residual and unrepaired damage in late G2- In

this phase, damage is still accumulating from the continued irradiation and the

remaining lesions are lethal.

When the dose rates are lowered to dose rates below 1.2 Gy/hr, the duration of

irradiation becomes twice as long as most cell cycle times. The continuous cell

production during irradiation will mask cell killing, resulting in the observation of

increased cell survival. If tumour cells recover at the same speed and to the same

extent as normal tissues, there will be no advantage of lowering the dose rate. While

differences in repair rate and redistribution of cells over the cell cycle between

tumours and normal tissues can be exploited to enhance the radiation effect in low

dose rate continuous irradiation, lowering the dose rate to levels where repopulation

can occur is not effective.
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The investigations described in this thesis were performed on cell lines derived

from gynaecological tumours. Present treatment practice of cervix carcinoma exists

of a combination of low dose rate applications and external irradiation (Table 1.1.).

Low dose rates as used in gynaecological applications range from 0.8-1.2 Gy/hr. At

these dose rates, repair, reoxygenation, and redistribution of cells over the cell cycle

are probably the main radiobiological factors determining survival.

TABLE 1.1. At present patients with tumours of the uterine cervix are staged following FIGO staging

( ), ranging from I to IV, according to tumour extension and invasion into adhering structures. The current

treatment procedure for patients with cervix carcinoma is listed in this Table. The group where intracavitary

therapy is given is considered to be aimed at in part for the underlying study.

STAGE TREATMENT (Utrecht)

Stage 0

carcinoma in situ

Stage la

Stage Ib

Stage Ila

Stage lib

Stage III

Stage IV

Conisation (and other therapies)

Simple hysterectomy

Hysterectomy and lymphadenectomy or

radiotherapy (two intracavitary applications

and external beam irradiation)

Radiotherapy (two intracavitary applications

and external beam irradiation, sometimes

only one application)

External beam therapy

(sometimes one application)

1.5. CELL KINETICS IN RADIOBIOLOGY

A. Cell kinetic parameters

Cell kinetic parameters which can be measured and which determine the overall

growth rate of a tumour are:

11



1. the lengths of the different cell cycle phases (TG1, Ts, TG2, TM, Tc, see Figure

1.2.).

2. the percentage of cycling cells (growth fraction = GF).

3. the extent of cell loss (<J>).

The combination of these parameters will determine the volume doubling time of the

tumour (TD).

It was shown in a clinical study t24) that fast growing tumours with short

volume doubling times were more radiosensitive than slowly growing tumours.

The comparison of growth rates of a tumour before and after therapy was shown

Figure 1.2. Schematic representation of

the cell cycle. The cell cycle consists of 4

phases: G t (Gap 1), S (DNA-synthesis

phase), G 2 (Gap 2) and M (mitosis or

cell division) in increasing cell age. From

every cell cycle phase cells can

temporarily escape into a resting stage;

G0.

M
daughter cells

increasing cell age

to provide valuable prognostic information. In a study of 203 patients with pulmonary

metastases, it was demonstrated that the duration of survival was significantly

correlated with the growth rate of the tumour (149); rapid growth being correlated with

short survival.

The length of the different phases of the cell cycle has been studied by different

investigators (*** review 2A0\ Early transplants from spontaneous tumours in rats and

mice showed cell cycle times between 10 and 74 hours, with a mean of 16 hours. The

S phase time (Ts) in these tumours varied from 4 to 18.2 hours, with a mean of 10.9

hours, and the length of G2 phase (TG2) varied between 0.7 and 3.5 hours with a

mean of 2.2 hours. The variation in cell cycle times was found to be determined

mainly by the length of Gt phase (TG1). In human tumours, the length of the cell

cycle (Tc) was found to vary from 18 to 120 hours, with a mean of 44.6 hours

12



In the review by Steel t240) on the direct assessment of cell cycle times by thymidine

labelling, similar mean cell cycle times were observed, i.e. Tc was 53.8 hrs, comprising

TG1, Ts and TG2 of 28.9, 17.5 and 7.0 hours respectively.

A second important parameter is the fraction of dividing cells, or growth fraction

(GF) of the tumour <156). When the proportion of dividing cells (or P cells) is 100%

(i.e. a growth fraction of 1.0), the overall tumour growth rate will be determined by

the cell cycle time and cell loss. The fraction of non-dividing cells (or Q cells) consists

of differentiated end-cells, or cells which are forced into quiescence by micro-

environmental factors. The growth rate of a tumour is influenced to a considerable

extent by the growth fraction.

Cells can be lost from the P compartment by maturation or differentiation, and

then be lost from the tumour as a whole by death or emigration. The extent of cell

loss from tumours has been studied by a number of investigators ^egi 44 '237^38). The

processes of cell loss are difficult to measure, but are suspected to occur on

morphological grounds, or when a discrepancy between cell production rate and

growth rate is observed. Cell loss can be measured directly following radioactivity loss

after a single injection of 125-IUdR, or by using tritiated thymidine and

autoradiography (15'47>105) or estimated from the number of micronuclei ^253l\ since

cells containing micronuclei are reproductively dead. Cell loss can also be measured

indirectly from other kinetic parameters. In the indirect method, volume doubling times

(TD) are measured first. The average cell number doubling time when there is no cell

loss is called the potential doubling time (T^ ) and is a combination of the cell cycle

time and the growth fraction. This can be calculated from the labelling index (LI) and

the DNA synthesis time (Ts), i.e.:

T ^ = X Ts/ LI (5)

where X is a parameter to describe the age distribution of the cell population, and

varies between 0.693 and 1.38 ^2A0\ The potential doubling times can then be

13



compared with the volume doubling time (TD) to obtain the cell loss factor, 4" using

the equation:

* = 1- ( T ^ / TD) (6)

Potential doubling times in human tumours were studied using BrdU or IrdU

labelling <e*. 17.39,154,278) T h e y w e r e f o u n d t o r a n g e f r Q m e g ^ 4 0 t o 280 hours for

solid and haematological tumours, with a mean of 120 hours (154), or from 55 to 362

hours with a mean of 172 hours in bladder and head and neck carcinomas (i7\ The

variation in potential doubling times is largely due to variations in LI, as Ts appears

to be relatively constant ^17->. Data on cell loss in tumours have been reviewed by Steel

t238) and Tubiana ^261\ It was found that cell loss in human tumours is often high;

89% in squamous cell carcinomas and 71% in adeno-carcinomas ^2\ From this it can

be concluded that in most human tumours the main factors determining overall

tumour growth rate are the growth fraction and cell loss. These can dominate the

growth of the tumour, even if the tumour cells have a short cell cycle time. Difficulties

in the assessment of cell loss and growth fractions in the clinic have forced

investigators to focus their attention on other cell kinetic parameters, such as growth

rate (TD), labelling index (LI) and T ^ .

B. Methods of measuring cell kinetic parameters

The assay receiving the most attention up to the mid 1980's has been the

measurement of 3H-thymidine labelling index (LI) in vitro. For application to human

tumours, cell suspensions need to be made of biopsy material followed by incubation

with the labelled DNA precursor. In addition, several in vivo assays have been applied

in the clinic. These are the measurement of mitotic index (MI), the percentage of S-

phase cells CM58.165), the fraction of cells labelled with the Ki-67 antibody C79), and

the primer dependent DNA-polymerase assay (168\ The latter two give information on

the growth fraction of the tumour.

14



The LI generally correlates with the aggressiveness of the tumour; for example,

the LI was reported to be a predictor of early relapse in breasi cancer {ISS1 DNA

distributions measured by flow cytometry (FCM) also reveal information on

proliferative activity of the tumour. Tumours with large S phase fractions (SPF) have

a large fraction of cycling cells. The possible predictive value of this parameter has

been reported ( e g i 1\ In a recent review, Tubiana t263) concluded that the predictive

value of SPF was more valuable than LI.

Volume doubling lime

The volume doubling time can be measured by multiple measurements of the

diameters (D) of the tumour, mostly by vernier callipers, but sometimes from

measurements of X-ray photos. The form of a subcutaneously growing tumour in an

animal is best described by the mathematical formula for an ellipsoid, so the volume

(V) can be determined by:

V = -nl 6 x Dj x D 2 x D 3 (7)

For two diameters (D2) which are similar, and different from the third diameter (D3),

the simplified formula can be used:

V = 77-/ 6 x D, x (D2)2 (8)

Subcutaneous tumours which are growing as flattened disks can be described by the

formula for the area:

V = TTD2 (9)

Most tumours show non-exponential growth when transplanted to experimental

animals. As larger volumes are reached, the growth rate slows down. This means that

doubling times are not constant and so should always be defined at a given volume.

15



The shape of the growth curve can be fii by different mathematical models, of which

a third order polynomial, a logistic model f20) and the Gompertz fit im'* arc in

current use.

Tritiated thymidine studies

The length of the cell cycle can be determined by autoradiographic detection

of tritiated thymidine (3H-TdR) incorporated into DNA during S-phasc. Triliated

thymidine can be administered as a pulse or as a (semi)-continuous infusion. After

serial sampling of pulse labelled tissue, fixed sections are covered by film emulsion

and exposed for several weeks before developing and staining. The percentage of

*/. labelled mitosis
100- c 1 TC

TS

'/ . label led cells B

t ime after labelling (hours) hours of continuous labelling

Figure 1.3. a: A hypothetical presentation of the percent labelled mitosis (PLM) curve, 6om which TG 2 >

T s and T c can be calculated, b: A presentation of the ideal continuous labelling curve; drawn line, situation

in a steady state tissue; dotted line, the situation in a growing tissue (eg., tumour).

labelled cells in mitosis are counted and plotted as a function of time to give the

PLM curve. Quastler and Sherman <195) developed methods to deduce cell cycle

parameters from these curves (Figure 1.3.a), and several computer programmes have

been developed in order to describe the oscillations of the curve and to calculate cell

cycle data <«*• 239>.

When cell populations are labelled by continuous administration of ̂ -thymidine,
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il is claimed that the growth fraction can be measured -c&1 ifj'/5>. The expected form

of a continuous labelling curve is drawn in Figure 1.5.b. There is a slope change in

the curve at a time equalling to TG2, corresponding to the first appearance of labelled

cells from mitosis. The slope of the curve will subsequently increase until a second

inflection point. The curve will inflect at approximately the level of the growth fraction

and the percentage of labelled cells will then gradually approach 100%. The lime of

the second inflection is equal to T t-Ts *279'. In cases where the inflection point is

not clear, the value of Tc-Ts needs to be known in order to obtain an estimate of

growth fraction from such continuous labelling curves.

Flow cytometry

During the last two decades, developments in flow cytomctry (FCM) have

facilitated cell kinetic research and measurements of cell cycle traverse can now be

carried out using only flow cytometry.

Figure 1.4. Schematic representation of the relation

between the amount of cells in the different cell cycle

phases and their DNA content, a. Distribution of cells

over the cell cycle, b. The DNA distribution expected

for population a.

'Che cells in Gj phase have a constant (lx) DNA

content and form a peak in the DNA distribution, the

cells in G 2 have exactly twice the DNA content and

form a peak at twice the distance from Gj . The DNA

synthetising cells have intermediate DNA contents.
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Initially, flow cytometry was u:;ed to measure DNA distributions, as iiiusualc.il in

Figure 1.4. Cells of the tissue of interest were prepared as a single cell

and stained with a DNA specific dye (e.g., ethidiurn bromide, (EB); or

iodide, (PI)). These were analysed individually through a Dow channel where she

fluorescence of the dye can be delected using a photomultiplicr t26*). The fluorescence

is recorded for each cell and plotted as a histogram of fluorescence (Figure 1.4.). This

histogram can be analysed using one of many computer programmes ^cg" 6-43-3ctJ|i)
t

resolving the histogram into percentages of cells in different phases of the cell cycle.

By analogy with 3H-TdR incorporation, a more recently developed method lo

label S-phase cells selectively is based on the incorporation of the thymidine analogue

bromodeoxyuridinc (BrdU) into S-phase cells. Incorporated BrdU can be detected in

flow cytometry by quenching the dye Hoechst 33258 (21\ or made visible by

attachment of a monoclonal antibody directed against DNA with incorporated BrdU

and conjugated to fluorescein isothiocyanate (FITC) (85). At the same time, cells are

stained for total DNA content. The BrdU labelled cells Quoresce in proportion to the

amount of incorporated BrdU, enabling determination of the LL With serial sampling,

the movement of the labelled cells through the cell cycle can be followed. The

description of a method to measure potential doubling times from a single sample

after previous incorporation of BrdU (16) has enabled human material to be studied

as well. With this technique, the progress or relative movement (RM) of the BrdU-

labelled cohort towards G2 is measured, resulting in an estimate for Ts. LJ is assessed

from the same sample, and subsequently T ^ , is determined using equation 5. This

method has subsequently been applied for the measurement of LI, Ts, and T-Q, in

experimental situations (16>153>176>278) and in different groups of human tumours

(1739,50,116,154,278)

Assays to determine growth fraction

The traditional methods for measuring the growth fraction involve the use of
3H-TdR (e*> 2A0\ The first of these is by comparing the cell cycle time, measured

from a PLM curve, with the potential doubling time (Tro,) measured from a
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combination of the lh labelling index and Ts (again measured from a PLM curve,

equation 5), as described by the following equations:

In a = LI (VTpot) and GF = a-1 (10)

The second method uses the continuous labelling method in which the labelling

index at a time equal to Tc-Ts is an approximate measure of the growth fraction

(e.g., 46,95) M o r e recently, other methods for measuring the growth fraction have been

proposed. One such assay is the primer-dependent DNA polymerase (PDP) assay,

which takes advantage of the fact that proliferating cells have a high concentration

of the DNA polymerase enzyme (l68\ Alternatively, the growth fraction can in

principle be assessed by immunocytochemical detection of P cells using the monoclonal

antibody Ki-67 which detects a nuclear antigen present only in proliferating human

cells

C.Cell kinetic effects after irradiation

The cell cycle

The cell cycle and its distinct phases were first described by Howard and Pelc

(109) p o u r phases were recognized, the most obvious ones being the S phase, in which

DNA is duplicated, and mitosis (M), the division phase of one cell into two daughter

cells. M and S phase are separated by a gap (G|). In a second gap (G2) between S

and M phase, amongst other functions, proteins needed for division are synthesized.

In addition, a phase termed Go was described, characterized by cells having the same

DNA content as Gx phase cells but temporarily out of cycle (Figure 1.2.). Later it was

found that cells can reside in resting stages from all phases of the cell cycle (40>78).

The length of the different phases has been studied extensively in the past decades,

both in different types of tumour cells and in normal tissues. The average cell cycle

time of tumours is generally shorter than its tissue of origin (131). This implies that

knowledge of this parameter is potentially exploitable for increasing the therapeutic

gain.
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Knowledge about overall radiosensitivity of tumours can be assessed by classic

clonogenic assays (194) or directly from tumour biopsies in recently developed assays

(25,185) Knowledge of radiosensitivity in different phases of the cell cycle can only be

obtained in laboratory situations, making use of synchronous populations obtained by

techniques like mitotic harvesting C249-250), centrifugal elutriation (i57\ and the use of

phase reactive agents (e*> 276) or cell sorting C206).

When survival curves of HeLa cells were made at discrete points in the cell

cycle after synchronization, it was found that the most radiosensitive cells were those

in G2 and M phase C249-250). For Chinese Hamster cells a similar pattern was observed

(136,138,230,231) Consequently, cells were found to be blocked in G2 phase

(61,136,138,153,163,176) p r o m o t n e r stucjjes it appeared that this generally accepted

concept may not always be applicable to all tumour cell types, and sensitive phases

may be expected at the Gj/S border and also in S phase (3,144,145,167,211,250)

In general, G2 phase is considered the most radiosensitive phase of the cell

cycle. This is probably caused by the regulatory and DNA repair mechanisms that

operate in this phase. Internal emitter studies have shown that the target in G2 is in

or near the nucleus (271\ possibly a protein structure associated with DNA C208-218) of

which the extent increases after irradiation (207) and which is needed for repair

processes. Before the cell enters the next division, sublethal radiation damage (SLD)

has to be repaired ^2O9\ resulting in a transient accumulation of cells in G2 phase.

Damage that is not repaired in G2 phase will be expressed as lethal damage (LD)

after cell division.

Perturbations in cell cycle traverse caused by irradiation

Irradiation will arrest cells in specific phases of the cell cycle. Cells have been

reported to be arrested at the Gj/S border and progress more slowly through S

(125,130,144,145,167,209) - j ^ s i o w m g down of flow through S is apparent at very low

doses. The block from G2 to mitosis has been observed in radiation doses as low as

4.5 cGy in mammalian cells (217X At higher total doses, the block in G2 will dominate

over blocks in other cell cycle phases (4>49,52,i78,23i) -r;ne Q^ \J\OC^ JS w e u documented
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for irradiated cells in vitro (61,101,136,138,176,207^ a n d i n ^ (see refe in 202) i n c l u d i n g

solid animal tumours (e-g-i S4,!96-296). From studies in vitro it was concluded that the

length of delay in G2 phase was proportional to dose C268). The length of the cell

cycle, or presumably the length of Gj phase is of importance for cells studied in vivo.

This was described more precisely by Denekamp (45) who found that, in rapidly cycling

populations, cells are delayed 1 h/Gy, whereas this is only 0.1 T^Gy in slowly cycling

populations, which are known to have longer Gj phases. Cell kinetic parameters

obviously influence cell cycle traverse in addition to radiation dose. The extent of the

block in relation to dose has been studied by Ehmann et al. (57) and was found to be

dose dependent. The percentage of cycling cells, or growth fraction (GF), was also

found to be of importance (117\

The influence of dose rate was determined in investigations on V79 and HeLa

S3 cells (13>161-163). it was found that cells were perturbed in their progress through

G2 after low dose rate irradiation (13) and that division was delayed. It was concluded

that dose rates that were able to arrest cells in their flow through the cell cycle

differed between the different cell types that were investigated. HeLa S3 cells were

blocked at 37 cGy/h and V79 cells at 90 cGy/h O61"163). Proliferation during small

doses of low dose rate irradiation was found to depend on the dose delivered per

cycle, i.e. a dose rate of 37 cGy/h on V79 hamster cells with a Tc of 10 hours would

not suppress proliferation, but a dose of 90 cGy/h would (13). For HeLa S3 cells, 37

cGy/h was sufficient to inhibit cell cycle progression. This once again suggests that

perturbation in G2 after irradiation could be influenced by cell kinetics or by dose

rate.

1.6. SYNCHRONIZATION THERAPY

A combination of the fact that cells are predominantly blocked in G2 after

irradiation, and the fact that cells are most radiosensitive in G2+M phase, motivated

radiotherapists to attempt to use the synchronous progression of surviving cells into

radiosensitive cell cycle phases. In the 1970's this was referred to as "synchronization
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therapy". Synchronization therapy was introduced clinically by Nitze et al.

Tumours were synchronized in S-phase by infusion of 5-fluorouracil and when the

synchronized cohort presumably reached G2+M phase tumours were irradiated.

Synchronization of cells could also be evoked by radiation itself. It was hoped that

selective killing would occur by repeated small doses delivered at the moment that

cells were blocked in radiosensitive phases. During the shortened fractionation intervals

associated with many small doses, relatively radioresistant surviving cells could

redistribute into radiosensitive phases and thus be killed t285).

Therapy-induced synchronization of cells was also recognized in early

chemotherapy studies as an important factor in enhancing therapeutic efficacy. In the

positive clinical reports in which radiotherapy was involved (2>66) it could not be proven

that the efficacy gained was the result of accumulation of cells in G2 phase. Later

experimental data C23-256) demonstrated the success of cell kinetically directed therapy.

Still, synchronization therapy was criticized from early on C133-259). Failure of

synchronization therapy in chemotherapeutic regimens was assigned to four factors
(265) .

1. insufficient blood (and therefore drug) supply and problems related to systemic

toxicity.

2. the lack of information on cell kinetics of individual human tumours.

3. the presence of varying numbers of non-cycling (Q) cells.

4. recruitment of cells (with different Tc) from the Q fraction.

The last three factors also apply to synchronization radiotherapy. Since synchronization

therapy was largely abandoned in the 1970's, methods to measure cell kinetics have

developed rapidly and insight into tumour cell kinetics has increased. New methods

and more data have become available on cell kinetics of human and experimental

tumours (16,17,39,50,116,153,154,176,278) S i n c e t h e r e i a t j o n between cell kinetic parameters

and the pattern of synchronization of cells after a dose of radiation can now be

described, and possibly better predicted, the plausibility of the use of cell kinetic data

in directing fractionation protocols should be reconsidered.
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described, and possibly better predicted, the plausibility of the use of cell kinetic data

in directing fractionation protocols should be reconsidered.

When individual factors alter the response to therapy, predictive assays are

needed to distinguish between the various subpopulations, so that a decision can be

made regarding treatment choice. Since many of the histological or clinical parameters,

do not directly correlate with cell kinetics, randomized trials of the present type are

not useful for evaluating results regarding cell kinetics. New trials specifically set up

to investigate kinetic approaches will therefore be necessary. For prospective studies

on the role of cell kinetics, parameters in individuals must be assessed and used as a

guide for selection of patients for a particular trial arm. Groups with either slow or

fast growth (based on T ^ , for example) could then also be divided into the different

arms of the trial.

1.7. THE EXPERIMENTAL MODEL:

HUMAN TUMOURS IN THE NUDE MOUSE

Heterotransplantation of human tumour tissue to immunosuppressed animals is

frequently used in the study of human tumours. The recipients are predominantly

mice, or other rodents having immunopriviliged sites such as the cheek pouch of the

hamster (241). The athymic nude mouse was described as a host for human tumour

xenografts (214) (Figure 1.5). The nude mouse lacks hair, has a deficient lactation, is

less fertile (197) and shows deficiencies in the cell-mediated immune response because

of the lack of thymus (18°). Due to their immunodeficient character, the mice must

be kept in specific pathogen-free environments, e.g., laminar flow cabinets.

The nude mouse mutant is homozygous for the autosomal recessive gene nu, located

on the VII linkage group on chromosome 11 and can be introduced into most inbred

mouse strains ( m ) .

The take-rate of tumours from fresh human tumour samples in these mice varies

between tumour types from relatively good (50%) in colonic adenomas and

melanomas, to fair (20-50%) in bladder, renal and ovarium carcinomas and poor
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(less than 20%) in breast, gastric and prostate carcinomas (221.224.225). The take rate

of primary cervix carcinomas varies over the entire range from poor (11%), ^151-) to

Figure 1.5. Nude mouse bearing a subcutaneous tumour.

good takes (approximately 50%) (12a\ In our laboratory, however, no cervix carcinoma

cell lines could be established for continued passaging. The natural killer cell (NK)

activity in these mice is higher than in euthymic mice (219\ which may play a role in

the rejection of some grafts. Methods to attain further immune suppression in the

nude mice have been investigated. This could be achieved by the injection of

lymphocyte serum @°\ irradiation (151>192) or treatment with cyclophosphamide ^•22\

The latter two treatments resulted in higher take rates. Such methods have been used

for some of the experiments reported in this thesis. In spite of some disadvantages,

such as shortened volume doubling times compared with human tumours, and rejection

of some grafts, it is accepted that xenografts are a useful tool in studies to obtain

knowledge about intratumoural differences in clinical response, since the tumours

closely resemble the tumour of origin in biological characteristics. Moreover, the

response of xenografts can be measured by growth delay assays and sometimes by cell

survival in vitro. The radiation response in xenografts corresponds to the clinical

response of the related human tumours
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1.8. OUTLINE OF THE STUDY

In the present study it was investigated whether fractionation schemes in which

the interfraction intervals were directed by cell kinetics would lead to more effective

radiotherapy schedules. Human tumours of the uterine cervix or the vulva, differing

in DNA index, histology, and growth rate when transplanted to nude athymic mice,

were used as the experimental model. Two histologically different groups of tumours

were investigated: adenocarcinomas of the uterine cervix (NHIK, HeLa and Hela S3)

and squamous cell carcinomas (Mel80, A431 and HX156). Chapter 2 therefore

presents results on tumour growth rates, and on cell cycle parameters measured with

autoradiographic or flow cytometry techniques; as it was first necessary to obtain data

on cell kinetic parameters of these unperturbed tumours for future correlation with

changes occurring after radiotherapy.

In Chapter 3 the experiments are in which the block of cells in G2+M phase

after irradiation was compared with the cell kinetic parameters studied in Chapter 2.

When attempting to apply cell kinetics to fractionation schemes, predictive assays are

a prerequisite to predict the timing of accumulation of cells in G2 after irradiation.

Theoretically, the moment of maximal accumulation of cells in G2+M phase should

be related to the cell cycle time. This was tested in the investigations reported in this

chapter. Both high dose rate irradiation and low dose rate brachytherapy were tested,

since this latter method of delivering the radiation dose is also commonly used in

treatment of human carcinoma of the cervix.

In Chapter 4, the results of the studies in previous chapters were put to the

test by measuring the response of tumours at different intervals after a constant first

dose of irradiation. The intervals were chosen to coincide with the time of maximal

accumulation of cells in G2+M, and at either side of this interval when the G2+M

accumulation was significantly lower. Low dose rate and high dose rate first treatments

were again investigated, and the response was measured by both tumour growth delay

and tumour cure.
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In Chapter 5, a series of in vitro experiments is reported which were designed

to test whether, in a well controlled system, optimal cell killing could be obtained by

appropriate choice of interval in split dose experiments. The specific questions were:

1. Is a significant fraction of the G2 blocked cells clonogenic ?

2. Is the magnitude of the G2 block sufficient for overall sensitization in this purely

proliferating system ?

Finally, Chapter 6 provides a general discussion on the data as a whole, with

particular reference to the potential of this form of synchronization therapy based on

the results obtained in this thesis.
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Chapter 2

CELL PROLIFERATION KINETICS OF SIX XENOGRAFTED

HUMAN CERVIX CARCINOMAS: COMPARISON OF

AUTORADIOGRAPHY AND BRDU LABELLING METHODS

This chapter was based on the following publications, and reproduced by permission of the publishers:

1. S. Karger AG, Basel, Switzerland.
2. Academic Press, Inc. Orlando, FLA, USA.
3. Elseviers Science Publishers, Amsterdam, the Netherlands.

1. I.E. A. van Oostrum, D.H. Rutgers, Cell kinetics in xenotransplanted cervical tumours after low dose-
rate irradiation. In: Immune-deficient animals in biomedical research. Eds. J. Rygaard, N. Brunner, M.
Spang-Thomsen. Karger, London, New York, Paris etc. pp 335-339, 1987.

2. I.E.A. van Oostrum, D.H. Rutgers, Cell cycle traverse in NHK-3025 cervical tumours after low dose
rate irradiation. Radiat Res 118: 101-111, 1989.

3. D.H. Rutgers, I.E.A. van Oostrum, M.F. Noorman van der Dussen, I.S. Wils, Relationship between
cell kinetics and radiation-induced arrest of proliferating cells in G2: relevance to efficacy of radiotherapy.
Anal Cell Pathol 1: 53-62, 1989.

4. I.E.A. van Oostrum, E. Rozemuller, R.G.F. Knol, S.Erkens-Schulze, D.H. Rutgers. Cell proliferation
kinetics of six xenografled human cervix carcinomas; comparison of autoradiography and BrdU labelling
methods. Cell Tissue Kinet, 1990 (submitted)
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INTRODUCTION

In the present chapter, cell kinetic and histological parameters of six human

tumours xenografted in nude mice are described. Cell kinetic parameters have been

reported to be useful, firstly, in predicting the aggressiveness of human tumours, and

secondly as predictors of radiosensitivity of tumours (see Chapter 1).

A detailed knowledge of cell kinetics is essential in determining which of the

parameters are of potential usefulness in the design of individualized therapy protocols.

Here, it is necessary to obtain information about the duration of the different cell

cycle phases, as can be obtained, for example, from labelling studies using tritiated

thymidine (3H-TdR) or the thymidine analogue bromodeoxyuridine (BrdU). Initially,

when 3H-TdR was the best available label, studies on the relevance of kinetics for

therapy of solid tumours were restricted to experimental animals and occasionally to

patients with advanced and accessible lesions (e*» 76>107). Recently, it has been shown

to be possible using BrdU to derive both the duration of S phase, or DNA synthesis

time (Ts), and the LI from one sample (16\ Patient studies have been facilitated by

improvements in the BrdU labelling method in which the BrdU is first injected into

the patient (108>278).

At the present time, the most common application of cell kinetics in relation to

the efficacy of radiotherapy, concerns the selection of patients, based on the potential

doubling time (T^ ) , for accelerated fractionation schemes. The radiobiological

rationale is to obtain information on the rate of repopulation or proliferation of

tissues and tumours during radiotherapy in order to predict the outcome of therapy

(17,144) patients with tumours with a high capacity of repopulation (short T-^) would

be expected to do badly in protracted radiotherapy schemes and better with

accelerated treatments.

Another potential application of cell kinetics in planning radiotherapeutic protocols

is to monitor the occurrence and the extent of delay of cells in their radiosensitive

phases after irradiation, i.e. redistribution of cells over the cell cycle, and to exploit

this radiation-induced redistribution of cells over the cell cycle. Using FCM, the time
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of maximal accumulation of cells in the radiosensitive G2 phase can be determined.

If fractionation intervals could be individually tailored to the time of maximal

accumulation of cells in G2, the effectiveness of radiotherapy could, theoretically, be

enhanced.

In the present study, six xenografted human carcinomas of the uterine cervix are

described. Xenografts were chosen as a suitable model since it has been demonstrated

that the effects of experimental radiotherapy, chemotherapy and endocrine treatment

could be monitored by FCM in xenografts (65,204,205,273,274) a n d t h a t t h e changes in

cell cycle distribution were similar to those found in patient tumours ^267\

The objectives of the studies described in this chapter were to define:

1. the growth patterns and histologic parameters of the six xenografted tumours.

2. the cell kinetic parameters of the tumours, using BrdU and flow cytometry

methods, as well as the classical autoradiography techniques.

We could then validate the newer BrdU methods in the tumours of interest and use

the obtained kinetic data as a base line for comparison with kinetics after high and

low dose rate irradiation treatments (reported in Chapter 3). The predictive value of

pretreatment kinetic parameters could than be evaluated.

MATERIALS AND METHODS

Tumours

Three human adenocarcinomas of the uterine cervix, NHIK-3025 (NHIK)

HeLa (81) and Hela S3 (l94\ and three human squamous cell carcinomas, Mel80

and HX156 (120) of the cervix and A431 t82) of the vulva, were serially transplanted

subcutaneously in the flanks of athymic mice of Balb/c genetic background. The age

of the mice at transplantation was 8-10 weeks for NHIK and HeLa S3 tumours and

6-8 weeks for the other tumours.

There are substantial differences between the take-rates of different tumour types

(225\ In our experiments, squamous cell carcinomas showed a reduced take-rate
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compared with thai for adenocarcinomas. Prior lo transplantation of squamuus cell

carcinomas, therefore, the mice were pretreaied in one of the following ways:

1. 300 mg/kg intraperitoncal injection of cyclophosphamide 24 h prior to

transplantation t22) or,

2. 200 mg/kg intraperitoneal injection of cytosine arabinoside 72 hours prior to

transplantation, followed by 7 Gy total body irradiation 24 hours before

transplantation t241).

Tumours resulting from injection of stock cells obtained from cell lines purchased

from ATCC (HcLa, HeLa S3, Mel80), or kindly donated by dr. J.C. Romijn (DepL

of Urology, Rotterdam, NHIK), dr. W.K. Moolenaar (Hubrecht Laboratory, Utrecht;

A431) and dr. L.R. Kelland (Institute of Cancer Research, Sutton, England; HX15S),

were named passage number 1. Over the years 198.'i-1989, passages 21-32 were used

of NHIK tumours. HeLa tumours were investigated in passages 1-17, HeLa S3

tumours in passages 1-14, Mel80 and HX156 tumours in passages 1-6, and A431

tumours over passages 1-11.

Tumour sizes were measured twice weekly with vernier callipers in three

dimensions (Dj, D2, and D3) and the volume (V) was calculated using the formula:

V= w/6 (Dj x D2 x D3)

Since the skin around the tumours was thin, no correction for skin thickness was

made. Growth curves were fitted to the Gompertz equation t119) since this equation

has been shown to provide a good Gt to growth curves of heterotransplanted tumours
(233)

Histologic parameters

Tumours were histologically examined at different passages. Subcutaneous tumours

were excised and fixed in buffered formaldehyde, and subsequently processed for

paraffin embedding. Tissue sections (5 urn) were stained with hematoxylin-eosin
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(HI*). Miiotic indices were assessed by scoring 1U high power fields (HPF) of seciksns

taken Iron! tumours with a volume of approximately 1 cm \ The cell density of ihe

tumours was assessed in the same sections and the mttotic index subsequently

calculated as a fraction of all tumour cells. By means of a camera, the images of

tissue sections were projected from a light microscope upon a graphic tablet. The

surface areas of necrotic and vital tumour tissue in the histologtc sections were

determined morphometrically, using a point counting technique with the graphic tablet

linked to a computer.

Determination of cell proliferation kinetics

1. Flow cytometry

Tumour biopsies were prepared for flow cytometry according to a method

described earlier (212). Briefly, tissue was minced with scissors in a sterile petri dish

and washed into a sterile vial with 20 ml phosphate buffered saline (PBS). Cells were

allowed to settle for 15 minutes and then 17 ml was taken off, washed once, and fixed

in methanol/ glacial acetic acid (3:1 v/v). The remaining tissue was treated 3 times for

1.5 h using a mixture of enzymes (0.4 mg/ml collagenase II (Worthington), 0.4 mg/ml

collagcnasc III (Cooper Chemicals) in MEM-Eagle supplemented with 10% foetal calf

serum (FCS), before being fixed and stored at 4 °C. Before staining for DNA, cells

were treated with a 0.25% RNAse solution (12.9 mg/ml, Worthington) for 1 h at 34

°C. After centrifugation, the cell pellets were resuspended in PBS with Na-cilratc.

DNA was stained with ethidium bromide (0.01 mg/ml, Sigma). Single parameter

(DNA) measurements were performed using a Leitz MPV flow cytometer (Wetzlar,

FRG). Murine thymocytes were used to calibrate the machine prior to measurements.

Prior to DNA-analysis, histograms were interactively corrected for debris and for the

occurrence of doublets of Gj cells in the G2+M peak. Debris counts were subtracted

from the histogram when plotted on a double logarithmic scale. A linear background

was then subtracted from the histogram. The same double logarithmic plot was used

to correct for cell doublets: for this, the integration limits of triplets had to be
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supplied and the amount of cell doublets was calculated according to a modification

of the formula introduced by Beck ^ l ll

Two parameter fluorescence (DNA and BrdU) was measured using a Cylo-

fluorograph 50-H (Ortho Diagn. Systems, Westwood Mass. USA), comprising green

fluorescence from the FITC-labelled antibody to BrdU, and red fluorescence from

ethidium bromide (EB) bound to DNA. The green and red signals were separated

by using a 45° dichroic filter, and a correction for spectral overlap of the red

fluorescence into the green detector was applied. EB and FITC were excited by the

Argon laser, using 250 mWatt of the 488 nm line. The flow cytometer was connected

by a LabMaster interface to an Olivetti M280 computer. This system can

simultaneously measure and store 4 parameters per cell. FITC and EB total

fluorescence intensity (FITCarea and EBarea), and EB peak fluorescence (EBpeak), of

at least 5000 cells were measured and stored in list mode for further analysis. When

the Ortho Cytofluorograph was used, cell doublets could be gated out using both

EBpggfc and EBarea fluorescence signals.

DNA histograms were analysed with an iterative computer program (14°), using

a modification of a deconvolution method (74\ The fraction of cells in G! (GjPF), S

(SPF) and in G2+M phase (G2+MPF) were estimated. The DNA index (DI) of the

tumours was defined as the ratio of the modal DNA content of the Gj-phase of the

tumour cells to that of the normal cells.

2. Tritiated thymidine studies

Semi-continuous labelling with 3H-TdR was carried out over 53 hours. Tumour

bearing mice were given 0.02 ml 3H-TdR (specific activity 198 mCi/mg, radioactive

concentration 1 mCi/ml) intraperitoneally at 4-h intervals. One hour after each 3H-

TdR administration, two mice, each with two tumours, were sacrificed. Tumours were

resected and fixed in buffered formaldehyde solution. Histological sections (3 nm)

were covered with photoemulsion (Dford K2) and developed (Kodak D19) after 10

weeks of exposure. The slides were counterstained with haematoxylin. Using an oil

immersion objective (100 x) and an ocular grid, the percentage of labelled cells
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TABLE 2.1. Test of radiotoxicity of 3H-TdR after continuous labelling by the flow cytometric

measurement of the percentage of cells in G2+M phase.

Timing after start

of labelling (h)

Percent cells in G2+M phase

NHIK HeLa HeLa S3

(1) (1) (1)

1. paraffin embedded

2. ceil suspensions

nd = not determined

Errors are ±1 SD

HeLa S3

(2)

1

5

9

13

17

21

25

29

33

37

41

45

49

53

control

10.5+3.5

11.1 + 1.2

10.1+0.9

16.1 ±1.8

22.4 ±2.5

15.6+1.6

14.0+1.0

20.0±2.0

20.7±1.3

14.0+0.1

10.4±3.5

13.7+2.0

13.0+5.0

nd

14.1 ±6.0

11.0±7.0

11.7+6.6

11.4+3.3

20.2+4.5

16.8+8.2

nd

14.7+6.7

14.9+5.8

8.8+2.2

11.6+6.2

13.5+6.5

15.5+7.6

nd

15.8+6.5

13.9+6.5

14.2±5.9

nd

21.4+1.9

19.9+3.0

15.3+0.1

18.7+4.3

19.7+4.2

15.8+3.5

14.6+1.8

21.7+0.1

23.7+1.9

15.6+3.3

nd

17.2+8.3

17.9+8.3

17.9+7.3

30.1 + 18.3

19.0±4.8

17.1 ±8.8

18.9 ±10.3

16.2±2.1

16.0±8.9

10.9±4.1

15.2+5.7

7.0+1.0

11.3+1.0

13.2±3.2

20.4+5.7

13.0+7.2

17.2±8.3

was counted separately in minimally (areas of low average LI) and maximally (areas

of high average LI) labelled areas. These were assumed to represent slow and fast

proliferating populations, respectively. The background level was 1-3 grains. Cells

labelled with more than 7 grains were scored as labelled.

It was checked whether cell cycle progression was influenced by internal

irradiation through the cumulative administration of the radioactive precursor, by

measuring the cell cycle distribution of paraffin-embedded autoradiographic material,

using flow cytometry. Sections of the paraffin embedded material (50 \im) were cut

and prepared for flow cytometry ^ \ followed by treatment with 1 mg/ml RNAse for
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30 minutes at 37 °C. For comparison, fresh tissue samples of one of the tumours

(HeLa S3) were also processed. The evaluation of all results (the percentage of cells

in G 2 +M is listed in Table 2.1.) was assessed by two different approaches. Firstly, the

percentage of G 2 +M in the labelled cells was plotted as a function of time and these

data were analysed using linear regression. The analysis resulted in lines with zero

slopes and high coefficients of correlation (>0.95). Secondly, a variance analysis was

performed on these data, it was found that no significant alterations in G 2 +M phase

levels took place during the time course of the experiment (p< 0.05). This indicated

that cell proliferation was not perturbed by radio- or chemical toxicity of 3H-TdR.

From the data obtained by autoradiography, the growth fraction and potential

doubling time were calculated using equations 1-3 (Table 2.2.).

TABLE 2.2. Summary and scheme of the equations used to determine cell kinetic parameters.

(1)

(2a)

(2b)

(3)

(4a)

(4b)

(5)

T s

T'c

Tpot
GF

<P

GF

In a =

GF

T —'pot ~
LI

TC =

3H-TdR

m

m

3

1 or 2

5

LI/ (MTS/ Tc)

( V Tpot) x ln

a-1

x y u
AQ + AjXt + .

2TT/As

l - (Tpo t /T D )

BrdU

RM

m

nd

3

1 or 2

5

(p is assumed to be unity)

2

( X is assumed to be unity)

p^e. (A3 x t) x s i n (A4 + A5 x t)

labelling

windows analysis

nd

4

-

1 or 2

nd

m = measured directly from the data using a linear regression analysis

nd = not determined

1-5 = determined via equations 1-5
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3. BrdU pulse labelling

a. Labelling Index

Mice were injected i.p. with 10 mg BrdU (Sigma B 5002). At set times up to

36 hours after BrdU administration, mice were sacrificed and viable parts of the

tumour were resected. The tumour tissue was minced with scissors and the resulting

pieces were forced through sterile needles (0.8 mm) before fixation in 70% ethanol.

Prior to BrdU-DNA staining, suspensions of nuclei were prepared from the fixed

pieces using peptic digestion (2:2°). Denaturation of DNA was achieved by acid

denaturation (2 N HC1, at 37 °C for 20 minutes). After several rinses, cells were

incubated for one hour with 10 jil/ml anti-BrdU antibody (Becton and Dickinson, 7580

lotnr K0141), at room temperature, followed by a goat anti-mouse FTTC conjugated

antibody (Sigma, F0257) at 4 °C, and with 10 ^g/ml ethidium bromide for DNA

staining.

b. Relative movement method (RM)

Ts and T ^ were determined from the relative movement (RM) of the BrdU-

labelled cells relative to Gj and G2 ^ . In the present investigation, tumour tissue

obtained from 1 to maximally 10 h after labelling was used for RM calculations. RM

was calculated separately for each biopsy. A linear regression analysis of all the data

(per tumour type) was carried out to calculate the predicted time to reach a RM of

1.0, a time equal to Ts. T ^ was then estimated from equation 3 (Table 2.2.).

c. Windows analysis method

From the BrdU-DNA plots of a series of samples taken at different time intervals,

the percentage of BrdU positive cells in the three different cell cycle compartments

(Gj, S, and G2+M) was estimated. In each separate sample, vertical windows were

centered around mid-Gj, mid-S and mid-G2 respectively. A fourth window was placed

around all BrdU-positive cells. The position of the mid-S window was calculated from

the positions of G r and G2+M peak, and used to center the mid-S window.

The resulting percentages of labelled GjPF, SPF or G2+MPF were plotted as

35



a function of time. A chi-square minimization procedure was used to fit the data

according to the equation 4a (see also Table 2.2.):

LI =Ao + Aj x t + A ^ * 3 x l) x sin (A4 +A$ x t) (4a)

where AQ represents an estimate for the initial proportion of labelled cells in the

window, and Aj x t, a negative term, is introduced to correct for continuous decrease

of labelled cells throughout the experiment due to cell loss, cells dropping under

detection limits, etc. The remaining term, comprising A^ A3, A4 and A5, with A3 <0,

describes the behaviour of a general damped oscillator. From this analysis, an estimate

of Tc (Table 2.2.) can be calculated from equation 4b:

Tc = 2ri Ag (4b)

From the curve fit through the data obtained from the mid-S window, Ts was

estimated in a different manner. The width of the first wave, at 50% of its maximal

labelling, yields the value for Tj/2.

The length of TG 2 + M was estimated from the curve obtained by fitting the data

obtained from the mid-Gj window. The length of G2+M phase is indicated by the

time when the percentage of labelled Gj cells begins to rise. This is the moment of

influx of the first labelled cells which have passed through from G2 and mitosis to

Gv These cells were labelled at the end of S, and therefore represent the transit

time through G2+M.

The growth fraction was calculated from Tc, obtained from the windows analysis

method, and T™, as obtained from the estimations of Ts obtained from the RM plot,

using equations 2a and b. GF was calculated from equation 1 using Ts, as obtained

from the RM method. An estimate of the cell loss factor, $, was calculated from

equation 5 (Table 2.2.).
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RESULTS

Histology

The original NHIK-3025 tumour was judged to be an adenocarcinoma of the

cervix (177). In the NHIK tumours grown on nude mice, no glandular structures were

present, although in some tumours, pseudopapillary structures were noticed. The

tumours contained large areas of necrosis as well as small necrotic fields between cells.

Generally, the xenografts were classified as poorly differentiated carcinomas (Figure

2.1.a). The Hela tumour was established from a biopsy of a human cervix carcinoma

reclassified as an adenocarcinoma of uncertain origin (114\ In xenografts, large necrotic

areas and small necrotic fields between viable cells were seen. At later passages (14

to 17) these tumours dedifferentiated from moderately differentiated carcinomas to

undifferentiated carcinomas. On the basis of HE stained sections alone it was difficult

to distinguish the tumours from lymphomas or melanomas (Figure 2.1.b). HeLa S3,

a subclone of the HeLa line, was classified as an aggressive anaplastic carcinoma when

growing in nude mice (Figure 2.1.c). Mel80 tumours were derived from omentum

metastases of a squamous cell carcinoma t246). After transplantation in nude mice this

tumour was classified as a moderately well differentiated squamous cell carcinoma, in

which cells were arranged in fields or cords. Individual cells showed keratinisation. No

dedifferentiation was apparent in this tumour over the passages used in the study

(Figure 2.1.d). The A431 tumour, originally described as a rapidly growing carcinoma

of epidennoid type ^82\ grew in nude mice with different degrees of differentiation,

unrelated to passage number. Classification varied from a moderately differentiated

squamous cell carcinoma to poorly differentiated squamous cell carcinomas with

sarcoid areas, containing spindle-shaped cells (Figure 2.1.e). HX156, established from

a poorly differentiated squamous cell carcinoma (120\ grew as a moderately well

differentiated squamous cell carcinoma, although no keratinising cells were observed.

No dedifferentiation was seen in the passages used in this study (Figure 2.1.f).

Mitotic indices were 1.32% for NHIK and HeLa tumours. In Mel80 and A431
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Figure 2.1. Histological sections

of xenografted adenocarcinomas

of the cervix. Between brackets;

total magnificaiion A: NHIK

[lOOx], B: [100x], C:

[100x|, tumours.
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Figure 2.1. Histological sections

of xenografted squamous cell

carcinomas. Between brackets;

total magnification D: Me 180

[160x], E: A431 [lOQx] and F:

s [lOOx] tumours.
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tumours, 0.93% of the cells were in mitosis, while 0.87% and 0.85% of cells in

HX156 and HeLa S3 tumours, respectively, were in mitosis (Table 2.3.). An estimate

was made of the percent necrosis in tumours with a volume of 1 cm3, which varied

between 17% and 59% (Table 2.3.). NHIK and Mel80 tumours showed large central

areas of necrosis, while the highest fraction of grossly viable tissue was seen in HeLa

S3 and HX156 tumours. A431 tumours showed necrotic centers and often displayed

cystic growth leaving only a small rim of viable tissue.

Tumour growth rates

To check whether growth rates were constant throughout the study, mean growth

curves of the tumours in different passages were compared by comparing mean volume

doubling times at 0.5 cm3 and at 1 cm3. No significant acceleration or deceleration

of growth rate was noticed over the passages used. The means of growth curves

TABLE 2.3. Histologic and kinetic parameters of six human tumour xenografts.

DI MI %necrosis histology

at 1 cm3 (in nude mouse)

NHIK 2.7+0.4 1.32% 38±8 poorly differentiated carcinoma

HeLa 1.8+0.2 1.32% 26+10 moderately to undifferentiated carcinoma

HeLa S3 1.8±0.2 0.85% 17±14 anaplastic carcinoma

Mel80 1.4±0.3 0.93% 55±5 moderately differentiated squamous cell carcinoma.

A431 1.6+0.1 0.93% 59+16 moderately to poorly differentiated squamous cell carcinoma

HX-156 1.7+0.1 0.87% 18±2 moderately differentiated squamous cell carcinoma

MI= Mitotic index DI: Mean ± 1 Standard error of the mean (10>n>15)

DI= DNA index necrosis: Mean + 1 Standard deviation

of all passages were then fitted to a Gompertz equation, resulting in a fair to good

fit for all six tumours (Figure 2.2.). The initial growth rate (Aj), growth retardation

factor (R) and hypothetical maximal tumor volume (Vmax) were estimated from these
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Gomperlz fjl Gompertz fit
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10'-

150
Time (days) Time (days)

Figure 2.2. Growth curves of xenografts fitted by the Gompertz equation. Left panel: adenocarcinomas

NHIK, HeLa and HeLa S3, right panel: squamous cell carcinomas A431, HX156 and Mel80.

TABLE 2.4. Gompertz growth parameters for six human tumour xenografts.

Vmax (mm3) R (/day) TD(days)

NHIK

HeLa

HeLa S3

Mel80

A431

HX156

6535

4865

17205

1765

4238

33860

0.075

0.020

0.023

0.023

0.044

0.010

1.13

0.14

0.19

0.15

0.30

0.10

6.2

28.7

12.1

43.0

14.8

21.9

Gompertz equation:

ln v t - ln v
max

V m a x is the hypothetical maximal tumour volume,

e'R/t Aj is the hypothetical initial tumour volume,

R is the growth rate retardation factor.

From this T D at volume = V(t) can be calculated through the equation:

T D = \l{a) x In [1 +{ln2/ lnO^/V^)}] and a = -R.

(**) Volume doubling time at a volume of 1 cm3.
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Gompertz fits (Table 2.4.). During early stages of growth (0.5 cm3) the tumours had

volume doubling times of 4.1, 8.9, 9.4, 17.9, 18.1, and 34.6 days for NHIK, A431,

HeLa S3, HX156, HeLa, and Mel80, respectively. Kinetic parameters were studied

at tumour volumes of approximately 1 cm3. Doubling times at 1 cm3 are listed in

Table 2.4.

DNA Index

Figure 2.3. Variation in DNA Index (DI) over

the various passages used in the present study

for the six investigated tumour types.

Ma 180

•B—-V'l'I'I'VVI'

a-

2-

IB-

A431

i

1
0-•Hfe• • • i l lIII

•

HX156

'HIililfllwMII ~mi
0 - •• I f 111

passage numDer passage numoer

Estimation of cell kinetic parameters

1. DNA analysis

From DNA histograms obtained by flow cytometry, it was found that all six

tumours were hyperdiploid (Table 2.3.), ranging in DI from 1.4 (Mel80) to 2.7
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(NHIK). Only a single hyperdiploid population was found in all tumours. In NHIK

tumours, DI drifted from 2.8 to 2.0 (Figures 2.3.), while the DI of the other

tumours remained relatively constant. The distribution of cells through the cell cycle

of the six tumours is listed in Table 2.5. The control values of SPF in the tumours

ranged from 13.2% to 21.9%, indicating that in these tumour models there was a

range of proliferation rates (see also below).

TABLE 2.5. Distribution of cells over the cell cycle. Mean ±1 standard error of the mean.

G! S G2+M

(%)

tumour

NHIK

HeLa

HeLa S3

Me 180

A431

HX156

71.7±1.8

68.8+3.1

70.2+2.7

73.1 ±3.9

68.7±5.3

69.7±5.7

13.2±1.9

18.2±2.8

21.9+2.6

13.2+3.6

14.7+5.7

14.6+4.7

14.5 ±1.5

12.9+1.9

8.0+1.4

11.6±3.7

14.5 ±3.1

10.5 ±33

2. Tritiated thymidine studies

In each histological section, regions with maximal labelling were counted. Results

for NHIK, HeLa, and HeLa S3, respectively, are shown in Figure 2.4., where it can

be seen that there was an initial steep increase in LI followed by a less steep part.

The first and last part of the LI curve were fitted separately by linear regression,

and the combination of fits chosen which, added together, showed the highest

coefficients of correlation. The slopes and coefficients of correlation are listed in Table

2.6. The inflection point in the curve, indicating the cell cycle time (Tc) minus the

duration of S phase (Ts) was seen at approximately 21 hours in NHIK, at 18 hours

in HeLa and after 23 hours in HeLa S3 tumours.

Labelled cells will continually enter the Q (non-proliferative) fraction and the

increase in labelled cells through cell proliferation will give rise to the slow increase
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in LI seen after the inflection, i.e. when ail proliferating cells are labelled. This

process, however, will also occur at earlier times but be masked by the faster LI

increase of the proliferating pool. In order to correct for this in the early period, the

slope of the curve past the inflection point was subtracted from the whole labelling

curve (Figure 2.4., lower panels). Ts was then estimated by the negative extrapolation

of the LI curve to 0% labelled cells. Tc was calculated as the time interval from the

X intercept (0% labelled cells) to the inflection point. The Tc of the population with

the shortest generation cycle was 35 hours for NHIK, 31 hours for HeLa tumours,

and 29 hours for HeLa S3 tumours (Table 2.7.). During the 49 hours of labelling, the

LI maximum was not reached in the minimally labelled areas, i.e. no inflection was

observed. At the end of this period, the LI in these areas was 40% in NHIK tumours,

60% in HeLa and almost 80% in HeLa S3 tumours (data not shown).

slope (IT1)

initial part

coeff. of corr.

initial part

slope (h'1)

2nd part

coeff. of corr.

2nd part

inflection point

NHIK

2.11

0.97

0.78

0.96

21 n

HeLa

1.92

0.85

0.49

0.80

18 b

HeLaS3

2.79

0.99

0.41

0.88

23h

TABLE 2.6. Parameters

of the lines, fit through the

data of the continuous

labellings experiments (3H-

TdR).

3. Pulse labelling with BrdU

Relative movement method

The data points obtained by the calculation of Relative Movement (RM) from

samples taken 1-10 hours after BrdU labelling were fitted by linear regression analysis.

Coefficients of correlation of the resulting lines varied from 0.86 in Heia S3 rumours
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Figure 2.4. The percentage of labelled cells as a function of time after semi-continuous labelling witb 3H-

TdR in NHIK, HeLa and HeLa S3 tumours. Upper panels; Raw data, fitted by linear regression.

panels; Curves obtained after correction (see Results).

to 0.99 in NHIK tumours. Ts values were obtained from the extrapolation of the

curves to RM = 1.0 (16\ These values ranged from 7.1 hrs for HeLa to 11.6 hrs for

NHIK (Table 2.7.).

Assuming X to be unity, Tpg, could be calculated using equations 2. A range

of potential doubling times was observed (Table 2.7.), the shortest being approximately

38 hrs (A431) and the longest approximately 109 hours (Mel80 tumour). The LI

values used to calculate T ^ were obtained from samples taken one hour after

labelling (Table 2.7.) or from autoradiography (for NHIK, HeLa and HeLa S3

tumours). Cell loss factors were calculated using equation (5) and were found to be

high in all tumours, varying from 38% to 94% (Table 2.8.).

Windows analysis method

Curves could be fitted through almost all data obtained from mid-S window

analyses using an equation for a damped oscillator (see Materials and Methods). The

data from the mid-G2 window analysis could also be fitted, but using the data
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obtained from the mid-G, windows data of HeLa S3 tumours could not be Gt due to

scatter of the data. From the fitted curves, cell cycle times could be computed (Table

2.9.). Average Tc's fell within a range from 21 to 52 hours. The length of G 2 +M

phase was estimated from the mid-Gj curve taking the moment of influx of the first

labelled cells into the mid-G, window, i.e. the moment at which LI exceeded

background levels. This was seen between 4 and 7 hours. These times were considered

as a rough measure for G 2 +M phase length (Table 2.9.).

TABLE 2.7. Cell Icinetic parameters derived from continuous labelling with ^H-TdR, or pulse labelling

with BrdU (RM method, T s and LI or windows method; Tc)

tumour 3H-TdR BrdU

LI

3H-TdR BrdU 3H-TdR BrdU 3H-TdR BrdU(»)

NHTK 13.6+3.0 11.6±0.0 0.16+0.04 0.127+0.03 83+26 91+21 34.7+4.1 37+4.1

HeLa 13.0+3.1 7.1+0.3 0.22+0.03 0.177+0.02 60+17 40+5 31.2±4.8 47±22

HeLaS3 5.3+4.1 7.7+0.4 0.16+0.10 0.116+0.001 34+51 66+3 28.7±4.1 42+6

Mel80 nd

A431 nd

HX156 nd

9.2+1.9 nd

9.4+1.4 nd

103+1.4 nd

0.084+0.022 nd 109+39 nd

0.250+0.070 nd

0.190+0.010 nd

38+13 nd

55+8 nd

42+106

21±0.8

26+2

nd = not determined

(*)=derived from mid-S window (windows method), except for HeLa S3 (G 2 window)

Values ± 1 S.D.

In addition to the relative movement analysis, an attempt was made to calculate

the length of S phase from the mid-S analysis as an independent method for
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comparison. Theoretically, the mean green fluorescence measured in a mid-S window

should be high for a period of half Ts then it should fall and remain low for a period

of Tc-Ts and then rise again. According to this theoretical model Ts was calculated

by taking twice the width of the first peak in the mid-S curve, at 50% of its height.

This produced values for Ts of up to 34 hours. The data obtained from these

calculations were therefore not considered reliable, when compared to the highest

values known for Ts obtained from PLM curves of experimental tumours (Ts up to

18 hours; reviewed by Steel) (-2A0\

Furthermore, the mid-S labelling at 1 hour was often lower than that observed

after 3 and 5 hours (Table 2.10.). Consequently, the value taken for 50% of the

maximum may be too low, resulting in estimates of Ts that are too long. The

occurrence of unlabelled S phase cells is a relatively common finding in solid tumours

(e.g., 278) a n j j s bought to be a real biological phenomenon, despite potential

measurement artefacts such as debris and cell clumps.

TABLE 2.8. Growth kinetic parameters of six xenografted tumours assessed by ̂ H-TdR or BrdU labelling

methods (see Materials and Methods)

NHIK

HeLa

HeLaS3

Me 180

A431

HX156

• using

OF*
3H-TdR

0.42

0.52

0.85

nd

nd

nd

equation 1

BrdU

0.40

1.17

0.80

0.38

0.56

0.48

G F "
3H-TdR BrdU

0.33

0.44

0.80

nd

nd

nd

•• using

0.32

1.18

0.73

0.30

0.47

0.39

equations 2a

3HTdR

0.43

0.91

0.88

nd

nd

nd

and b

BrdU

0.38

0.94

0.77

0.89

0.89

0.89
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Growth fraction

If 100% of the cells were proliferating, the expected labelling index after pulse

labelling would be equal to uT/Tc, where y. is an age distribution factor, assumed

to be close to unity ^240\ The growth fraction may be obtained by comparing this

expected labelling index with the measured U. When GF was calculated with the

data obtained by autoradiography, growth fractions obtained using equation (1)

DHfla

WWa DNAa DNfta

DHAs

' .-' ."

Figure 2.5. Dual parameter plots of samples of BrdU-pulsed HX156 tumours stained with FTTC (anti-

BrdU) and ethidium bromide (EB). Red fluorescence (EB) is shown on the abscissa, green fluorescence

(FTTC) is shown on the ordinate. The distribution of tumour samples taken 1-15 hours after labelling are

shown. The BrdU-iabelled cells progress from S phase at lh into G2 and the first labelled cells begin to enter

G2 after 5.5 hours. In a separate panel it is shown that the mean horsontal position of the BrdU labelled cells

varies between 0 (position Gj,) to 1 (position G^). Theoretically, the mean horizontal position of the BrdU

labelled cells (indicated by the window) at t=0 is 0.5. In this study the relative movement (RM) of the BrdU

labelled population along the arbitrary scale (0-1) was determined for the samples taken early after labelling

(see Materials and Methods).
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ranged from 0.42 to 0.85 for NHIK, HeLa and HeLa S3 (Table 2.8.). When GF was

calculated using equations (2a and b), the values found were not significantly different.

When the Tc data obtained by the BrdU windows method were used to calculate

GF, the values varied from 0.38 to 1.17 (Table 2.8.). GF was highest in HeLa and

HeLa S3 tumours and lowest in Mel80 and NHIK tumours.

window

NHIK

HELA

HELA S3

ME 180

A431

HX156

mid-S

35.7+ 4.6

46.9+22.5

52.9+52.9

41.9±106

20.9+ 0.8

25.6+ 2.1

TQ (hours)

mid-G2

23.6± 1.4

32.5+31.9

41.9± 5.9

24.5+ 4.4

24.0+ 3.5

18.6+ 0.2

mid-Gj

24.1+ 4.2

37.5 ±42.0

nf

31.3+ 2.5

34.3+ 53

17.6+ 0.6

TG2+M

mid-Gj

4±1

5+2

6+2

7±2

7±2

4.5±1

TABLE 2.9. Cell

cycle parameters as

deduced from the

windows analysis of

BrdU labelled cells.

of = data could not

be fit to the line.

DISCUSSION

Histology

It was concluded that the six xenografts investigated in this study represent

suitable models for further study, since they were found to cover a variety of

histologic, growth rate and cell kinetic characteristics. Histologically, a range between

moderately differentiated and anaplastic carcinomas was observed, partly similar to the

variety found in human tumours. According to the mitotic indices, NHIK and HeLa

tumour showed the fastest proliferation, whereas HX156 and HeLa S3 tumours

showed the lowest birth rate of cells. This observation was not reflected in TD or

other cell kinetic parameters (e.g., Tpo,, Tc).

A varying percentage of necrosis was found in the tumours, which, in combination
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with the fact that cell loss factors were not very different (except in NHIK tumours),

leads to the conclusion that the capacity to remove dead cells in these tumours is

different. For example, dead cells are removed from NHIK tumours only slowly,

whereas dead cells are probably removed efficiently from HeLa tumours.

Tumours transplanted in nude mice have been reported in some instances to

lose human characteristics, to become less differentiated and to change in ploidy over

successive passages (M\ This was therefore checked in the present study. The degree

of differentiation in the tumours was variable in HeLa and A431 tumours. In HeLa

tumours, poor differentiation was related to a high passage number, while in A431

tumours, the degree of differentiation had no relation to passage number. No sign of

drift in DNA index was noticed in most tumours in the present study, consistent, for

example, with other studies on head and neck tumours (32>191) and on renal tumours

(8).

Tritiated thymidine studies

A potential problem with these studies is that of toxicity, since radiation effects

from incorporated thymidine have been reported in studies using continuous labelling

(e.g., 58,190) a n d after pUj s e iabejimg (e.g., 12) jjjg a m o u n t of damage depends on the

duration of the exposure, which may become a serious factor when semi-continuous

labelling is applied, or labelling is maintained during one or more cell cycles. From the

FCM data on the distribution of cells through the cell cycle in the present studies,

however, little evidence of a perturbed cell cycle traverse could be observed, indicating

that internal irradiation is unlikely to have influenced the cell kinetic estimates in the

present study.

A semi-continuous labelling curve can be theoretically divided into three different

parts. In the first part the LI increases for a period of G2+M duration as unlabelled

G2 cells divide. Because of the short duration of this phase (in our tumours from

approximately 4 to 7 hours (Table 2.9.), this part is difficult to distinguish ^2A0\ The

second part of the LI curve will increase with a steeper slope as labelled cells reach

mitosis, until all cells of the fast proliferating pool are labelled (after Tc-Ts). In the
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third part, the LI increases further to approach 1.0, at a rate depending on the size

of the Q compartment and the pattern of cell loss i.e. whether random or not ^240\

Due to continued cell proliferation and to the spread in cell cycle times within the

tumour, the LI continuously increases after the inflection point.

The approach of counting minimally and maximally labelled areas separately,

instead of taking the average, facilitates the determination and reliability of the

inflection point. The inflection point would be difficult to determine if an average LI

was counted, since this would only show a gradually changing slope. The position of

the inflection point on the abscissa is not influenced by an increase in labelled cells

resulting from cell proliferation. The subsequent rise of LI after the inflection point,

however, could be caused by continued cell proliferation with transfer of labelled

daughter cells to the non-proliferating pool, or from recruitment of Q cells into P cells

(100\ or as a result of simultaneous counting of subpopulations with longer Tc's in

areas of maximal labelling. Recruitment in this unperturbed system is likely to be

small. The loss of both P and Q cells from the tumour during the 53 hours of the

experiment will be constant and will not interfere with the position of the inflection

point. Errors on the inflection point were in between 3 and 20%, those on the

determination of Ts, before the correction method, varied between 31% and 77%.

In summary, the continuous labelling method is a reasonable method to determine

Tc and Ts in tumours where fast and slow growing populations can be counted

separately easily. The main drawbacks of this method are the subjective choice of

these areas, and the reliability of the determination of Ts.

Pulse labelling with BrdU

BrdU studies employing the relative movement method, revealed that all tumours

had relatively short potential doubling times, varying from 1 to 5 days.

Tumours in humans with comparable potential doubling times, obtained by the single

sample biopsy method, have also been reported (17»154). In this investigation we also

needed information on cell cycle times. Since Quastler and Sherman (195) developed

methods to deduce cell cycle parameters from PLM curves, numerous computer
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Figure 2.6. Percentage of BrdU

labelled cells of HX156 tumours,

observed using a mid-Gj, tnid-S and

mid-G2 window, versus time. The

curves were fit by equation 4a (see

Materials and Methods and Table

2.2.).

programmes have been put forward to evaluate such curves

Since the window from which cell cycle traverse is looked at in the BrdU experiments

is not mitosis, as used standardly in PLM studies, we decided to use a formula which,

theoretically, would be able to fit all three data sets (obtained from windows of mid-

Gj, S, and G^) that would be obtained from one tumour. As with the PLM models,

there are some situations in which this model does not provide a good fit to the data.
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In the mid-S curves of HeLa and Me 180 tumours the influence of asynchrony was

noticed by the strong damping of the curve.

The data obtained from the mid-G! window were less reliable than those from the

mid-S and mid-G2 windows. This is probably due to two facts; firstly, the Gj window

represents the broadest time window, and secondly there is a longer time between

pulse labelling and the appearance of cells in Gj, which allows more desynchronization

to occur. It is then difficult to determine a reliable first wave. Mid-S or mid-G2

windows were therefore used in preference to determine Tc. The ratio of the width

of the window (generally 4, 6 or 8 channels) to the actual width of the cell cycle

phase in the histogram (generally 20, 80, 10 channels) indicates that the mid-S window

is the smallest time window. This means that changes in labelling can be monitored

faster and more accurately using this window.

The method of obtaining Ts, where Ts was calculated taking twice the width of

the first peak in the mid-S curve, resulted in high values for Ts, of up to 34 hours.

These relatively long Ts times, compared with Tc estimates, were also observed earlier

in other systems with the same method (153*. However, such long Ts times would not

be expected even in experimental tumours ^ 2A0\ It is concluded that the method

is less than optimal for in vivo studies although it is probably suitable for in vitro

studies where there is a 100% cycling population. Cultured cells can be easily

trypsinized and incorporated BrdU can be labelled with fluorescent antibodies more

reproducibly.

Another phenomenon likely to have influenced these calculations was the initial

labelling in the mid-S window data. In contrast to what is shown in Figure 2.6 for

HX156 in most of the curves, the initial labelling observed using the mid-S window

increased up to 5 hours after the pulse, whereas, theoretically, these maximal labellings

indices should be observed in the samples taken at t = 1 h (Table 2.10.). The

observed phenomenon in this study could be the result of either continued labelling

(overdose of drug) during the first few hours, to an unequal age distribution in S-

phase, or to specific higher uptake of precursor in the first part of S phase. DNA

histograms of BrdU labelled cells from the sections taken after 1 h did not suggest
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an altered age distribution in the investigated tumours. Specific higher uptake of label

has been reported for several tumour cell lines, e.g. in HeLa S3 (36>37).

initial labelling

tumour

NHIK

HeLa

HeLaS3

MelSO

A431

HX 156

maximal labelling (*)

0.31

0.38

0.22

0.39

0.56

0.59

0.56

0.52

0.40

0.45

0.56

0.59

TABLE 2.10. Comparison of the extent

of initial and maximal labelling as observed

using the mid-S window in the windows

analysis of BrdU labelled cells.

(1): Maximal labelling as obtained from

tumour samples taken before cell division.

This finding is of relevance for the interpretation of clinical data obtained by

the single sample method, where T ^ is calculated from data of Ts and LL based on

only one time-point. As a result a considerable variation may be found in

potential doubling times. It may be necessary to improve cell fixation methods and

process cells for the staining procedure, and investigate the pattern of changes in LI

during the first hours after labelling. Furthermore, in the present experiments, the

method of separating cells and preparing suspensions of nuclei may be unsuitable for

the cervix carcinoma xenografts and may require refinement.

In summary, pulse labelling with BrdU provided a different method of estimation

of Tc and Ts than 3H-TdR and autoradiography. It also provided information on

TQ2+M- Subsequently the duration of G1 could be found to vary from 4.6 hours (in

A431) to approximately 25 hours (in HeLa and Mel80). The (relatively small)

variation in cell cycle times between these tumours was largely due to the variation

in TG1.
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Comparison of both labelling methods

a. Tc and Ts

Tc and Ts values, estimated by autoradiography, generally were shorter than the

values derived from BrdU labelling. The estimation of Ts by the continuous labelling

tritiated thymidine method is difficult, as could also be inferred from the errors on

those values. It appeared to be important to count the first 25 hours very carefully,

as in the selection of areas of maximal labelling one will underestimate the LI in short

intervals (1-9 hrs) and overestimate the LI in longer intervals (13-25 hours).

Theoretically, in the autoradiographic method, selective counting of the population of

the highest proliferation rate is expected to lead to shorter Tc's than the BrdU

methods, in which an average Tc is measured.

b. LI and T j ^

Differences were observed in the pulse LI between the two methods, but they

were not statistically signiGcant. This is consistent with previous observations that Li's

obtained by these two methods have a high correlation t228). The differences between

TpQt's as measured by the two methods were largely due to differences in Ts. In the

method using autoradiography, the short Ts determined for HeLa S3 tumours probably

leads to an underestimated T ^ .

c. GF

Growth fractions were determined by two different methods (equation 1 or

equations 2). The differences between GF as obtained from tritiated thymidine studies

and BrdU studies were not significantly different in NHIK and HeLa S3 tumours, but

were significantly different in HeLa tumours. In HeLa tumours, Tc as determined by

mid-S window of the BrdU windows method (47 hours), is probably too long. This

assumption was sustained by the shorter values found for Tc using from mid-Gj and

mid-G2 windows (37.5 and 32.5 hrs), which were comparable to Tc measured by

autoradiography (31 hrs, Tables 2.7. and 2.9.).
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d. Cell loss

The correlation of cell loss values determined by the two methods was high,

mainly since, using equation 4, <f> is determined predominantly by the large values of

Conclusions

1. Considering the individualization of therapy guided by cell kinetic parameters,

it has been suggested (152) that tumours should be selected having properties likely

to be susceptible to kinetically related therapies, rather than offering these schemes

to ail types of tumours. In this view, tumours with a high proliferative activity (SPF

> 10) and low heterogeneity were expected to respond better to such synchrony

based regimens. In the present investigations, data were acquired on cell kinetics of

unperturbed human tumour xenografts and they were found to be highly proliferative.

These tumours may therefore be useful models to test the effectiveness of therapy of

fractionation schemes directed by cell kinetics. Moreover, they represent a variety of

histological and growth- and cell kinetic-characteristics, which makes them a reasonable

set of representative tumours in relation to the clinic.

2. The use of BrdU labelling in vivo and the subsequent detection with a

monoclonal antibody proved to be a valuable alternative for the time consuming

autoradiography, if data on Ts or T ^ are sufficient. Moreover, problems with

radioactivity, which make the method unsuitable for clinical use, are avoided. Due to

difficulties of reproducibility of the immunofluorescence method, and to

desynchronization of cells after approximately 10 hours after labelling, the method of

windows analysis was affected by similar problems to those observed by many

investigators in the interpretation of PLM curves. The windows method, however,

may serve as a useful alternative to determine cell cycle times in vivo, when data

from all three windows are compared, if combined with improved techniques in

staining and analysis.

The kinetic data obtained by the BrdU method will be used in the following
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chapters. In these studies, it was investigated whether the timing of radiotherapy

fractions could be optimally adjusted, based on these cell kinetic measurements, to give

the highest tumour response rate.



Chapter 3

THE RELATIONSHIP BETWEEN RADIOSENSITMTY AND CELL

KINETIC EFFECTS AFTER LOW AND HIGH DOSE RATE

IRRADIATION ON SIX HUMAN CERVIX CARCINOMA

XENOTRANSPLANTS

This chapter was based on the following publications, and reproduced by permission of the publishers:

1. S. Karger AG, Basel, Switzerland.
2. Academic Press, Inc. Orlando, Fla, USA.
3. Elsevier Science Publishers BV, Amsterdam, the Netherlands.

1. I.E.A van Oostrum, D.H. Rutgers, Cell kinetics in xenotransplanted cervical tumours after low dose-
rate irradiation. In: Immune-deficient animals in biomedical research. Eds. J. Rygaard, N. BrQnner, M.
Spang-Thomsen. Karger, London, New York, Paris etc. pp 335-339, 1987.

2. I.E.A. van Oostrum, D.H. Rutgers, Cell cycle traverse in NHIK 3025 cervical umours after low dose-
rate irradiation. Radiat Res 118: 101-111, 1989.

3. D.H. Rutgers, LEA. van Oostrum, M.F. Noorman van der Dussen, I.S. Wils, Relationship between cell
kinetics and radiation-induced arrest of proliferating cells in G2: relevance to efficacy of radiotherapy.
Anal Cell Pathol 1: 53-62, 1989.

4. LEA. van Oostrum, S. Erkens-Schulze, M. Petterson, I.S. Wils, D.H. Rutgers, The relationship between
radiosensitivity and cell kinetic effects after low and high dose-rate irradiation on five human cervix
carcinoma xenografts. Radiat Res, 1990 (in press).
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INTRODUCTION

In the present chapter, cell kinetic changes after single doses of irradiation of six

xenografted tumours are described. The growth and cell kinetic parameters of these

tumours were described in detail in Chapter 2. It was found that the six tumours

covered a range of growth and cell kinetic parameters. This variety encouraged their

use for the present investigations, since cell kinetic changes after irradiation in relation

to cell kinetics of the different tumours will be compared.

It is well known that cells are slowed down or arrested in radiosensitive phases

in their flow through the cycle after irradiation (4.i45>l66,250)f Cells were also found to

respond differently while irradiated in different cell cycle phases (136>137.159>216»229-

231,250) ^ t hjg},er radiation doses, cells were found to be arrested predominantly in

the G2 phase (136\ in which phase they were reported to be more radiosensitive

(230,231)

It was shown in studies in vitro that the length and the maximum of the G2 block

was related to dose (57>i24,268) ancj t 0 ^e ^o&e p e r cey ^ ^ (89,132)̂  o r m o r e precisely,

for low dose rate irradiation (LDR), to the dose rate needed to stop or slow down

cell proliferation (13>163). The length of the cell cycle, is therefore important in the

sense that at a dose rate that stops cell division, redistribution and related enhanced

cell kill will occur earlier for cells with short cell cycle times (163).

The maximal accumulation of cells in G2 after irradiation in vitro was reported

to range from 40-80% (125X This effect appears to be less pronounced in animal

tumours <117'141).

Whereas the relationships between the maximum and duration of G2 block and

cell kinetic parameters, the applied dose, and the intrinsic radiosensitivity of the

tumour are relatively well documented, data on the timing of the G2 block are limited

and not often discussed. Knowledge of the timing of the G2 block is of importance,

however, when attempts are made to adjust the fractionation intervals to the

phenomenon of redistribution of cells into radiosensitive phases. The transient

synchrony induced by the first dose(s) could be exploited in order to increase the
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efficacy of fractionated radiotherapy. Such an approach could also potentially increase

the efficacy of LDR irradiation. Since the cell kinetic factors and intrinsic

radiosensitivity are likely to be of different magnitudes in different tissues, knowledge

of changes in individual cell kinetic parameter after irradiation is necessary to exploit

cell kinetically-based timing of radiation intervals. In the present studies, concerning

the relationship between cell kinetics and radiation response, we have also investigated

the effect of dose rate on the occurrence, magnitude and length of the G2 block in

different tumours. The LDR experiments (dose rate 0.1-0.5 Gy/hr) were used to

simulate clinical practice in the treatment of human cervix carcinoma.

The objectives of the studies described in this chapter were to:

1. document the accumulation patterns in the G2-!-M phase fraction after LDR

irradiation in tumours with different proliferation kinetics,

2. compare these accumulation patterns with those obtained after high dose

rate (HDR) irradiation,

3. investigate whether the timing of accumulation in G2+M phase in these tumours

can be predicted from cell kinetic data.

Figure 3.1. Schematic drawing of the Cs-137

afterloading technique. A silicone mould (B)

surrounds the tumour and two stainless steel needles

(C) are pierced through the mould and tumour. The

mould is fixed to the mouse with a rigid plastic

corset (A) and after loading with Cs-137 needles the

hollow needles are stoppered with plastic plugs (D).

The eftects of interstitial LDR irradiation and external acute irradiation (3

Gy/min) were monitored by flow cytometry (FCM). The observed cell kinetic

changes will be used as a guide to determine fractionation intervals in the split

dose experiments reported in Chapter 4.
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MATERIALS AND METHODS

Tumours

Three human adenocarcinomas of the uterine cervix; NHDC-3025 W\ HeLa

(81\ and Hela S3 (194), and three human squamous cell carcinomas; Mel80 ^246^ and

HX156 (120> of the cervix and A431 of the vulva t82) described in Chapter 2, were

serially transplanted subcutaneously on the flanks of athymic mice of Balb/c genetic

background.

The age of the mice at transplantation was 8-10 weeks for NHIK and HeLa S3

tumours and 6-8 weeks for the remaining four tumours. Prior to transplantation of

squamous cell carcinomas mice were pretreated by cyclophosphamide or cytosine

arabinoside in combination with irradiation as described in Chapter 2. Growth curves

of control tumours were fitted by a Gompertz equation as described in Chapter 2.

Tumours were treated at a volume of 1-1.5 cm3.

Low dose rate irradiation; an afterloading device for Cs-137 interstitial irradiation in

nude mice

Mice were anaesthetized by intraperitoneal injection of 0.2 ml per mouse of a

Valium (0.63 mg/ml)/Hypnorm(l mg/ml)-solution. The animals remained anaesthetized

for approximately one hour. Tumours were irradiated using a technique simulating the

treatment of patients with carcinoma of the uterine cervix. Two 24 mm Cs-137 needles

(117 MBq and active length 15 mm, dose rate in the median plane between the

needles was 0.5 Gy/hr) were implanted into the tumour through a surrounding silicone

mould (Figure 3.1.). The needles were fixed by the mould at a fixed distance of 7

mm. An isodose rate plot (Figure 3.2.) was planned by a computer program based on

activity and gamma ray energy. The dose distribution in the tumour could be

determined precisely using this isodose rate plot.

At set times after irradiation, mice were sacrificed and two biopsies of viable
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Figure 3.2. Dose rate distribution

in the tumour. The position of the

Cs-137 needles and their stainless

steel containers are indicated by the

striped lines. The solid lines are lines

of iso-<Jose rate.

cGy/hr

regions in the tumour were taken for flow cytometry. For the first biopsy, a rostro-

caudal section was made exactly in between the former positions of the needles, as

could be reconstructed by the position of the scars on the skin. This biopsy had

received a dose of approximately 10 Gy. The accumulated total dose of the second

biopsy, taken in the periphery of the tumour, was calculated by determining the

position of the biopsy using vernier calliper measurements, and subsequently calculating

the dose, using the isodose rate plot. Towards the periphery of the tumours lower

dose rates were delivered, the tissue in these regions received lower doses (2-9 Gy).

The moment of implantation of the needles was termed 0 hours. Biopsies were taken

from 21-160 hours after the start of irradiation.

To determine radioscnsitivity in vivo, a second group of mice were subjected to

graded doses of LDR irradiation, obtained by using different exposure times. The

results of therapy were evaluated by measurements of regrowth delay. Regrowth delay

data were calculated using the time from the start of irradiation to the time to reach

twice treatment volumes (T^o)* corrected by the time for untreated tumours to reach

63



this volume (T2). Specific growth delay (SGD) was defined as the growth delay,

divided by the doubling time at treatment size (TD), and was calculated for all

tumours after different single doses, using equation 1:

T2V0"T2

SGD = (1)

LD

High dose rate irradiation

HDR irradiation was applied to two groups of tumours using the photons of an

8 MV linear accelerator: one group destined for kinetic studies, the other group for

measurements of regrowth. The tumours were irradiated at a volume of 1 cm3. The

anaesthetized mice were fixed in the corners of a field of 10 x 10 cm2, so lhat only

the subcutaneous flank tumours were exposed (Figure 3.3.). For the kinetic studies

doses of 3, 5, 8, or 10 Gy were applied at a dose rate of 3-4 Gy/min. 1.5 cm tissue

equivalent material was placed on the tumours during the irradiation. From 0-160

hours after irradiation, mice were sacrificed and biopsies of viable tumour tissue were

taken.

Figure 3.3. A schematic representation of tbe high

dote rate irradiation set up. 11K mice are positioned

in tbe corners of a 10 x 10 ca? radiation field.

A second group of mice was subjected to graded doses of high dose rate irradiation,

the radiation effects were evaluated by measurements of specific growth delay.
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Flow cytometry and DNA analysis

Tumour biopsies were prepared for flow cytometry as described for single DNA

measurements in Chapter 2. DNA was stained with ethidium bromide (0.01 mg/ml,

Sigma) and DNA distributions were measured with the Leitz flow cytometer (Wetzlar,

FRG).

Prior to DNA-analysis, histograms were subjected to an interactive computer

program through which corrections for debris and for the occurrence of doublets of

Gj cells in the G2+M fraction were made <139^13).

10.0- HDR . ^ - ~ ~ i Helo. S3

Figure 3.4. Specific growth delay of 6.0

tumours, grown as xenognfts, as a function of

single irradiation doses of 8 MV acute 4.0.

irradiation or Cs-137 low dose rate irradiation.

(•) NHIK, (A) HeLa, (A) HeLa S3, (O) 2.0-

Mel80, (o) A431 and («) HX156.

6 10 20 30 4 0 d o s e Gy

Analysis of phase fractions was accomplished through the use of an iterative

procedure to measure fractions of cells in the different cell cycle phases (described in
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detail in Chapter 2). The percentages of cells in Gx (GjPF), in S (SPF) and in

G 2 +M (G2+MPF) phase were measured as a function of time after irradiation. Since

the accumulation of cells with a G2 or M DNA content after irradiation results from

blockage of cells in G2, this fraction is further referred to as G2PF (G2 phase

fraction).

TABLE 3.1. Kinetic parameters of xenografts, control tumours.

G2+M

tumour days hrs hrs

NHIK

HeLa

HeLa S3

Me 180

A431

HX156

71.7+1.8

68.8+3.1

70.2+2.7

73.1+3.9

68.7+5.3

69.7+5.7

13.2+1.9

18.2+2.8

21.9+2.6

13.2+3.6

14.7+5.7

14.6+4.7

143+1.5

12.9±1.9

8.0+1.4

11.6+3.7

14.5+3.1

10.5+33

62

28.7

12.1

43.0

14.8

21.9

36+5

47+23

(42+6)

42+106

(31)

21+8

26+2

35+4

31+5

29+4

nd

nd

nd

Mean of cell cycle phases + 1 S.E.M. Mean of cell cycle limes + 1 S.D. nd = not determined

1. Volume doubling time at treatment size (1 cm3)

2. T c as deduced from BrdU labelling studies. Between brackets: data obtained via windows other than

mid-S (see Chapter 2), i.e. mjd-G2 for HeLa S3 and mid-G] for MelSO tumours.

3. T as deduced from 3H-TdR labelling studies (Chapter 2)

RESULTS

Growth delay after single doses

Volume doubling times of control tumours are listed in Table 3.1. During early

stages of growth (0.25 cm3) the tumours had volume doubling times of 3.2, 6.3, 7.7,
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13.1, 15.2 and 19 days for NHIK, A431, HeLa S3, HeLa, HX156, and Mel80,

respectively. Growth rates decreased with increasing tumour volumes. At the time of

irradiation (1 cm3), mean volume doubling times were 6.2, 14.8, 12.1, 28.7, 21.9 and

43 days for the respective tumours, as mentioned in Chapter 2 (Table 2.4.).

The dose dependence of specific growth delay after irradiation is depicted in

Figure 3.4. Specific delays were used in order to correct absolute delays for the

different tumour growth rates, and therefore, to enable comparisons between the

tumours to be made. A range of radiosensitivities was observed. The ranking order

in radiosensitivities of the tumours, based on their specific growth delays after 10 Gy,

was approximately the same after both radiation modalities. Generally, Mel80

appeared to be the feast sensitive, although growth delays after doses of 15 Gy and

higher were difficult to determine because of a very low regrowth rate. A431, HeLa

and HX156 tumours had approximately equal sensitivities, while NHTK was slightly

more sensitive, and HeLa S3 was the most radiosensitive tumour in vivo.

Cell kinetic effects

The distribution of cells through the cell cycle in unperturbed tumours was listed

in Table 2.2. (Chapter 2). The most prominent changes after irradiation were noticed

in the G2+M peaks, due to accumulation of cells in G2 (G2PF).

NHIK

In NHIK tumours, depending on the total irradiation dose, the maximal increase

in G2PF occurred between 30 and 40 hours after start of irradiation. With increasing

doses of low dose rate irradiation, G2PF increased from a control value of 14.5% to

between 34% and 52%. After high dose rate irradiation G2PF increased to between

42% and 60% (Figure 3.5.a). G,PF was depleted preceding G2 accumulation, whereas

no significant alterations were noticed in SPF (data not shown). At the lower doses

of low dose rate irradiation, a trend of a second peak in G2PF was seen at 100 hours.

No indication of this second wave could be observed at higher doses (data not

shown).
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60-v. G,-M NHIK

Figure 3.5.a Percentage of cells in G2+M pbase of NHIK tumours after different doses of irradiation.

Left panel: High do6e rate irradiation. Right panel: Low dose rate irradiation. The bar under the abscissa

indicates the duration of irradiation.

HeL»

When HeLa tumours were subjected to LDR irradiation, accumulation maxima

of approximately 22% to approximately 35% of cells in G2 were observed, depending

on dose. The timing of the accumulation maxima varied between 25 and 40 hours.

After HDR irradiation, G2PF increased to a maximum of 40% after 16 to 42 hours,

again with the maximum reached sooner after the lowest dose (Figure 3.5.b).

H e U S 3

HeLa S3 tumours showed increases in G2PF from 20-40 hours after different

doses of high dose rate irradiation, and slightly later (30-45 hours) after low dose

rate irradiation. Depending on radiation dose, accumulation maxima varied from 22%

to 40% (Figure 3.5.c). Depletions of GjPF and SPF were noticed to occur just prior

to these maxima (HDR irradiation shown in Figure 3.6.a, LDR irradiation data not

shown).
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Figure 3.5.b Percentage of cells in G2+M phase of HeLa tumours after different doses of irradiation.

Left panel: High dose rate irradiation. Right panel: Low dose rate irradiation. The bar under the abscissa

indicates the duration of irradiation.
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Figfire 3.5.d Percentage of cells in G2+M phase of Mel80 tumours after different doses of irradiation.

Left panel: High dose rate irradiation. Right panel: Low dose rate irradiation. The bar under the abscissa

indicates the duration of irradiation.

Mel80

After 5-7 Gy of low dose rate irradiation the highest value G2PF value was found

at 76 hours after application (Figure 3.5.d). An elevation of SPF (20%) was noticed

between 20 and 30 hours, together with a depletion of GjPF phase cells (Figure 3.6.).

After 8-10 Gy of LDR irradiation the first maximum of G2PF was noticed at

approximately 56 hours after irradiation. After HDR irradiation, little change in G2PF

was noticed after low total doses, although with increasing doses, G2PF increased by

12% to maximally a factor of 2 between 25 and 40 hours after irradiation (Figure

3.5.d). Changes in SPF and GjPF were more pronounced in this tumour (Figure

3.6.b) than in any of the other tumours, as illustrated by the examples shown in

Figures 3.6.a and b.

A431

The most noticeable feature of the results for this tumour was that G2PF did

not increase after LDR irradiation. Cells did accumulate after HDR irradiation,
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however, from control values of 14.5% to values of 25% to 40%. After lower dosesof

HDR irradiation, maximal accumulation was seen after 18 hours, and after higher

doses, cells accumulated in G2 after approximately 35 hours (Figure 3.5.e). Again,

GjPF and SPF were depleted preceding G2PF maxima (data not shown).

HX156

Cell kinetic changes in HX156 tumours were studied only after 10 Gy high dose

rate irradiation, and a G2PF maximum of 25% was observed after 40 hours (Figure

3.5.f).

The relationship between dose and increase in G2PF after irradiation is shown
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in Figure 3.7. A clear dose response relationship was evident in almost all cases, i.e.

in all tumour types and with both dose rates. The main exception was the A431

tumour after low dose rates where, despite significant growth delays, little accumulation

was seen.

A relationship between timing of maximal G2 accumulation and dose was not

present in all tumours. Moreover, this relation between dose and timing was variable

between the different tumour types, after both dose rates.

Finally, the increase in G2PF after irradiation was calculated (the maximum

accumulation minus values of control). The maximum increase in G2PF, obtained

after a dose of 10 Gy, was used to rank the tumours. This ranking could be

compared to the ranking obtained from the data on specific growth delay (as a

measure of radiosensitivity). The ranking of radiosensitivities, both after high and low

dose rate, was in good agreement with the ranking of accumulation maxima after both

types of treatment (Table 3.2.).

DISCUSSION

In the present chapter, results were presented on the changes in the cell cycle

phase fractions which occurred after irradiation of six human tumor xenografts in

nude mice. Significant accumulation of cells in G2+M phase was seen in all tumours,

reaching up to a dose of 10 Gy in some tumours. The question whether this

accumulation can be exploited for the timing of subsequent radiation doses has been

tested experimentally in these xenografts and is the subject of the following two

chapters. In the discussion below, the magnitude and timing of the kinetic changes

will be considered, along with their relationship with dose and radiosensitivity.

Cell kinetic changes after different dose rates

The present study, using xenografted tumours, indicated that after LDR irradiation
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of NHIK, HeLa and HeLa S3, the G2 block is more prominent than the Gj/S block.

Neither an increase of GjPF, nor a severe depletion of SPF was noticed. Depletion

of SPF could be the result of a block at the Gj/S border. In the three tumours

(NHIK, HeLa and HeLa S3) the decrease in SPF varied between 4 and 12%, which

was similar to changes in the SPF after HDR irradiation, represented for HeLa S3

tumours in Figure 3.6. In Mel80 tumours we observed an increase in SPF preceding

the G2 block at lower doses. These tumour cells are possibly slowed down in their

traverse through S-phase and therefore did not accumulate maximally in G2 phase.

With higher doses, these tumour cells were also blocked in G2PF.

Although the accumulation of cells in G2 generally reached higher maxima after

HDR irradiation, the changes in cell cycle progression after LDR irradiation were

similar to those after HDR irradiation. The most striking differences were seen with

A431 tumours, which showed accumulation of cells in G2PF after HDR irradiation,

but little or none after LDR irradiation. The following mechanisms could explain

differences in magnitude of accumulation between low and high dose rates.

1. With LDR irradiation, cells accumulate in their most radiosensitive phase during

irradiation, so a larger percentage of cells will be lethally hit while residing in a

phase of increased radiosensitivity. It is possible that doomed cells will be

preferentially lysed by the enzymes used to prepare the cells for FCM analysis.

This will result in the observation of a reduced level of accumulation, as

compared to that after HDR irradiation. This was seen in all 5 tumours,

especially in the extreme case of A431, in which the G2 block was absent.

2. In LDR irradiation the dose and dose rate received per cell cycle have been

reported to be important factors to determine the extent of accumulation (162).

The dose should be sufficiently high to produce a G2 block (229^ and the dose

rate sufficiently high to prevent repopulation, a factor reported to become

important at dose rates below 0.6 Gy/hr ^2A2\ In these experiments, the median

mid-plane dose rate was 0.5 Gy/h. It is therefore possible that at these dose rates

cells may have overcome the G2 block and passed into Gj.

3. Theoretically, protracted irradiation may give rise to an extended duration of a
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block in all phases of the cell cycle, thus generating a different pattern of

accumulation to that seen at high dose rates. This phenomenon will be more

apparent in cell lines where phases other than G2 determine overall

radiosensitivity, so that cells do not only pile up in G2PF, but also in other cell

cycle phases, as was demonstrated here with Mel80.

4. After LDR irradiation, differences in cell cycle times, could also play a role in

determining the maximal extent of accumulation in G2. Cell lines with short cell

cycle times, as a consequence of the same overall time in the experiments, receive

a higher dose per cell cycle, and might be blocked to a higher extent by LDR

irradiation, than lines with longer cell cycle times. No direct evidence for this

phenomenon was found, however, in the present experiments.

Generally, with higher doses more cells can be accumulated both in vitro C57-268) and

in vivo C202). Our results after HDR irradiation support these findings. After LDR

irradiation, however, a plateau of accumulation is noticed after higher doses in most

tumours (Figure 3.7.). The plateau possibly results from interference of the effective

induction of cell death by LDR irradiation.

Dose effect relations

In our experiments we found that higher doses tended to produce not only a

higher, but also a longer lasting block (Figures 3.5.). The fact that higher doses of

HDR irradiation produce a higher block is consistent with results of many authors

(e.g., 57,124,268) ^ t i o w e r doseSj cells may be released earlier from the block (31), thus

resulting in a lower accumulation maximum. Cao et al. C29-30) found an earlier arrest

of cells in G2 at higher doses (5 Gy) as compared to 2.5 or 1.75 Gy. After 5 Gy of

LDR irradiation, however, the outflow of cells in ascites from the G2 block appeared

to be higher than after lower doses and, hence, also the impact on timing may

bedifferent. These results may differ from results obtained in solid tumours, however,

since it was reported that there may be a considerable amount of ascites cells resting

in G2 (41\ which might either be recruited from that phase, or selectively be killed,
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Figure 3.7. Increase in G2+M phase cells "'*G^-M

after different doses of high dose rate irradiation

(right panels) or low dose rate irradiation (left 3 o I

panels).
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depending on dose. The fact that the accumulation maximum relates to dose, may be

explained from the increasing strength of the block in G2 in relation to transient

blocks in Gj/S and in S phase. At higher doses cells will pile up in G2 phase <143>,

since time to repair the greater damage evolved from higher doses will take longer

times, and this will give rise to a substantial G2PF increase, compared to lower doses.

A significant difference in timing of the accumulation maximum after different

doses was not observed in the present study. Nor were noticed major differences in

timing of the G2 block after different dose rates, except for A431 tumours. Although

average values of radiation-induced division delay have been calculated precisely for

some systems, i.e. 0.4 min/cGy delay for cells irradiated in Gx and 0.9 min/cGy delay
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for cells irradiated in S phase ^229\ further reports on a possible dose effect

relationship in timing of the G2 block are conflicting (29-31,178,250,268)

TABLE 3.2. Ranking of tumours on the basis of radiosensiuvity (SGD)

and accumulation in G2 phase after 10 Gy.

radiascnsitiviry G2PF accumulation

LDR HDR LDR HDR

tumour

HeLa S3

NHDC

A431

HeLa

HX156

Mel80

rank

1

2

3

4

nd

5

rank

1

2

3

5

4

6

rank

2

1

5

3

nd

4

rank

2

1

3/4

3/4

6

5

SGD: 1. shortest regrowth delay G2PF: 1. highest G2 increase

Radioscnsitivity

The increase in the G2PF was calculated for both types of irradiation and

tumours ranked based on the data for 10 Gy (Table 3.2.). The highest rank in

accumulation, occurring in HeLa S3 and NH1K tumours, coincided with the rank of

greatest radiosensitrvity. This is interesting since it is known that radiation damage is

repaired in G2 phase *e*j i^o7^m!). Presumably, tumour cells that are more

radiosensitive reside in G2 for a longer time, giving rise to a higher G2 block, in order

to try to repair the greater damage done by irradiation. Another possibility is that

their repair mechanism is not sufficient, causing ceils to remain in G2 phase longer

to be repaired. If this relationship is general, G2 accumulation could be used as a

measure for the amount of radiation damage done in the cells, i.e. as a measure of

radiosensitivity.
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For Me 180 cells it was reported that S phase cells are almost equally

radiosensitive as G2 phase cells (123l This could explain the observations of S phase

accumulation for this cell line in vivo. The ranking position of MelSO, as far as

accumulation in G2PF and the comparison with radiosensitivity is concerned, may

therefore be misleading. A431 tumours contained large cystic regions and became

smaller during implantation of the needles, resulting in a more extensive regression

after interstitial therapy. This may explain a discrepancy in ranking compared with

the other tumours.

Timing of mitotic delay in relation to cell Idnetic parameters

The length of mitotic delay and cell kinetic parameters were reported to be

TABLE 33. Comparison of cell cycle times and timing of maximal accumulation in G 2 +M phase

T C O Timing of G 2 +M maximum (2)

tumour (hrs) (hrs)

NHIK

HeLa

HeLa S3

Me 180

A431

HX156

37±5

47+22

52±52 (42)

42±106 (31)

21 ±8

26±2

40

42

30

35

35

38

1. T c as deduced from BrdU labeling studies (Chapter l). Between brackets; T c at derived from other

than mtd-S window (tee Chapter 2), Le. mkW^ window for HeLa S3 and mid-G} window for MelSO.

2. Toning of manmal accumulation of celk in G 2 pbue after 10 Gy HDR irradiation.

related ^223) . The length of the G2 block is known to be a function of cell cycle

position at the time of irradiation. The duration of the block for cells irradiated in

different phases of the cell cycle, will increase with the increase of cell age
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(3,178,232,268) Cejjs ^ j therefore be released more or less synchronously from the

block. In Ehrlich asciies tumours the fraction of cells in G2 increased over 24 hours

after 5 Gy of HDR irradiation ^232\ The cell cycle time of the ascites tumour was 21

hrs, indicating that the time interval to reach the maximum G2 block coincided with

Tc. Some data of the present studies support these findings. Cell cycle times, as

deduced either from 3H-TdR labelling studies, or from BrdU labelling studies (Chapter

2), were compared with the timing of maximal accumulation of cells in G2 after

irradiation (Table 3.3.). For most of the tumours the average Tc was close to the

average maximal G 2 accumulation times. It should be noted, however, that the range

of cell cycle times was small and the size of the errors on timing of the block was

difficult to determine, which makes it difficult to determine whether this correlation

is significant.

Conclusions

The results reported in this chapter showed that a single dose of radiation caused

significant accumulation of cells in G2+M phases in all six tumours studied. The

accumulation maximum was as much as 60% in some tumours, after a dose of 10 Gy,

in comparison with untreated control levels of around 12%. The accumulation showed

a dose dependency for all tumours, and was at a maximum between 20 and 40 hours

after irradiation, a time consistent with the approximate cell cycle times of these

tumours. The accumulation occurred after both HDR and LDR irradiation, although

the accumulation maximum appeared to be somewhat smaller with the lower dose rate.

There appeared to be a relatively good relation between the increase in G2+M phase

and radiosensitrvity in vivo, as assessed by specific tumour growth delay.

The magnitudes of accumulation and the generality of the effects in all tumours

encouraged further studies on whether these kinetic changes could be exploited to

increase the effectiveness of radiotherapy by appropriate timing of subsequent radiation

doses. These studies were canied out both in well controlled in vitro systems and in

the xenografts in vivo. Results of these studies are presented in the following two
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chapters (4 and 5).
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Chapter 4

EFFECT OF CELL KINETICALLY BASED SPLIT DOSE

IRRADIATIONS ON TUMOUR RESPONSE

Th» chapter was bated on:

OoHn-m, LEA. van, Tweel, I. van der, ErfceavCchutae, S. RMfen, D i i . Eflea of eeM-kjoeticafty bated split
daw it radiation* on tuoow raapooK. lai I RadM Oaod BW Pkyc 1990 (sutmiued).
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INTRODUCTION

In the present chapter split dose experiments in vivo are described. The

experiments were designed to investigate whether the radiobiological phenomenon of

redistribution of cells after irradiation is a factor to increase cell killing by a second

dose of irradiation.

It has been general practice since the early days of radiotherapy to divide the

total irradiation dose into a number of small fractions. Empirical observation showed

that this served to enhance the therapeutic ratio. In present day radiotherapy, the time

interval between fractions can vary between 4-8 hours (multiple fractions per day) to

a few days (hypofractionation, weekend split). Split dose irradiation has been tested

extensively in vitro in experiments to study the effect of sublethal damage repair

(SLDR) (59\ a factor which is regarded as playing an important role in overall

response, especially when irradiation intervals are short (e.g., 4-8 hours). For

irradiation intervals longer than 8 hours, it was observed that the radiosensitivity of

cells was found to increase again after the initial period of decreased radiosensitivity
(59'6O\ This increased sensitivity was attributed to the radiobiological phenomenon of

redistribution of cells over the cell cycle.

Mammalian cells undergo a block in G2 phase after irradiation <e*>138)f a cell

cycle phase in which most cells are most radiosensitive (229»230). Although intervals

shorter than 8 hours have been studied in order to investigate SLDR, reports on

longer intervals, especially longer than 24 hours are scarce. Redistribution of cells

through the cell cycle in tumours irradiated in vivo (i-c. with longer cell cycle times)

are also expected to occur at intervals longer than 8 hours, and there is evidence that

cell cycle progression in vivo may be perturbed long after 24 hours <e*<196-235). in the

present investigation, split dose experiments were designed to investigate the effects

of this redistribution in tumours after irradiation in vivo.

In previous studies, cell kinetic data of six human tumours growing in nude mice

were determined to obtain a detailed knowledge of growth patterns and ceil kinetics

of the tumours of investigation (Chapter 2). It was found that the timing of the
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maximal accumulation of cells in G2 phase fraction (G2PF) and the cell cycle time

(Tc) were closely related, whether after a single dose of either low dose rate (LDR)

or high dose rate (HDR) irradiation (Chapter 3). This resulted in maximal

accumulation of cells in G2PF between 30 and 40 hours after irradiation with 10 Gy.

The studies in this chapter therefore employed this 40 hr interval and compared

results with those using shorter and longer intervals. The increase in G2PF was

substantial (up to 60%), similar to reports in which was stated that accumulation of

cells in certain cell cycle phases after irradiation in vivo was maximally 40-50% ^e**

296)

In this part of the study it was attempted, using sp.'it dose irradiations, to test

the hypothesis whether adjusting intervals to the time of maximal synchronization in

the radiosensitive G2 phase, is more effective than irradiation using other fractionation

intervals. This was carried out after both high and low dose rate irradiations, as used

in Chapter 3.

MATERIALS AND METHODS

Tumours

Nude mice of Balb/c genetic background were subcutaneousry transplanted serially

with either NHIK *177>, HeLa <M>, or HeLa S3 fm> tumours. These tumours have

different cell kinetics, as described in Chapters 2 and 3. Groups of mice (5-10 per

treatment arm) bearing one of the three tumour types, were entered into split dose

experiments for irradiation under ambient oxygenation conditions. This group served

as a pilot group for a larger experiment.

For the extended study, groups of mice (8-20 per treatment arm) bearing HeLa

or NHIK tumours, differing not only in growth- and cell kinetics but also in their

extent of necrosis, were selected. In order to abolish the effect of reoxygenation and

to diminuh variation amongst tumours, the tumours were irradiated under clamped

(hypoxk) conditions (see below).
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Tumour diameters were measured in three dimensions with vernier callipers,

twice weekly, and tumour volume (V) was calculated using the formula:

V = TTI6 (length x width x height) (1)

Volume doubling times (TD) at treatment volumes (1 cm3) were approximately

8, 18, and 7 days for the NHIK, Heia, and HeLa S3 tumours, respectively. For the

split dose HDR irradiation experiments under hypoxic conditions, tumours were

treated at a volume of 0.5-0.7 cm3. At the smaller sizes, TD's were approximately 6

days for NHIK tumours, and approximately 15 days for HeLa tumours. TD's at

treatment time were measured separately for each individual tumour. The radiation

effects were evaluated by measurements of specific growth delay as described in

Chapter 3. Follow up was continued until 3 times the treatment volume was reached,

or, if irradiation cured the tumour, until the animal had lived at least 180 days after

the tumour disappeared. At autopsy, the animals were scored on the occurrence of

metas.ases in tissues at risk (spleen, liver and lung).

Figure 4.1. Schematic drawing of the irradiation set-

up for the bypcnc experiments. Tumour nyparia was

induced by applying- a stainless sied damp consisting

of two hinging parts, tightened round the tumours by

a rubber ring to occlude the blood supply for 5

minutes before and during irradiation.

Split dose experiments

lrradiatim proccrfares, lint doae

Mice were anaesthetized as described previously. Tumours (1 cm3) were irradiated
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with a dose of 10 Gy, and entered in LDR experiments, using the technique described

in Chapter 3 (Figure 3.1.). The irradiations of the HDR irradiation experiments under

clamped conditions were given using the 8 MV linear accelerator using the technique

described in Chapter 3 (Figure 3.3.).

For the HDR irradiations under ambient oxygenation conditions, a Philips

Orthovolt machine (250 kV, HVD = 2.05 mm Cu, filter 1 mm Cu, dose rate 3

Gy/min) was used, in which the dose was decreased by 15% to be comparable with

HDR irradiations at 8 MV, i.e. 8.5 Gy was given.

Irradiation procedures, second dose

A. Ambient oxygenation conditions

After 10 Gy LDR or HDR, a second dose of 20 Gy was given (250 kV, dose

rate 3 Gy/min). The irradiation intervals were chosen based on cell kinetic data, as

obtained from the study described in Chapter 3. The intervals between t = 0 (the

start of the first irradiation) and the second dose were: 40, 80, or 120 hours. The

intervals represent the moment of maximal accumulation of cells in G2PF (40 hours),

the end of the recovery phase, when G2PF had returned to control values (from

approximately 70 to 100 hours for NHIK and between 60 and 90 hours for HeLa

tumours, and between 60 and 100 hours for HeLa S3 tumours), and the moment

Figure 4.2. Hwotofic lectioot of tumours after perfusion of lucoayl blue. Stein H and E. a: damped

tumoun; b: undamped tumours. Arrow indicate toe positioa of vatelt.
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when synchronization was not expected to influence the efficacy of the second dose

(more than 120 hrs). Values of G2PF measured at the times used in the different

intervals were listed in Table 4.1.

B. Clamped conditions

Prior to the second irradiation (250 kV, 3 Gy/min, dose 25 Gy), the tumours

were clamped as described below. The irradiation intervals used were the same as in

the ambient experiments. When the first dose was HDR irradiation, however, a fourth

experimental group with a split dose interval of 6 hours was added. This interval was

thought to be sufficiently long for sublethal damage repair (SLDR) to be completed.

Tumour hypoxia was induced by applying a stainless steel clamp to occlude blood

supply and induce tumour hypoxia for 5 minutes before and during irradiation (Figure

4.1.). The effectiveness of the clamp was tested by injecting luconyl blue (#708,

BASF) through the tail vein of mice bearing two tumours t198). The blue dye will be

TABLE 4.1. Percentage of G2+M phase cells at the time of second dose/1)

interval 6 40 80 120 b

tumour

NH1K

HcLa

HeLaS3

radiation

LDR

HDR

LDR

HDR

LDR

HDR

type

17

16

47

58

30

40

37

40

14

18

12

25

18

18

11

23

14

215

21

14

1. Data from Chapter 3
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present in all veins and capillaries within a few minutes. One tumour was clamped five

minutes before the injection of the dye. After a few minutes, the mice were sacrificed,

and the tumours were resected and fixed in a buffered formaldehyde solution to be

evaluated histologically. The clamped tumours did not take up dye. Both larger and

small vessels were free of luconyl blue (Figure 4.2.a), in contrast to the undamped

tumours where the dye was found in the tumour vessels (Figure 4.2.b). The clamping

procedure effectively occluded blood flow and hence reduced the availability of oxygen

in the tumours during irradiation.

The response to single graded doses of tumours irradiated under ambient

conditions has been described in Chapter 3. For comparison, a second group of mice

was subjected to graded doses of HDR irradiation under hypoxic conditions. The data

of mean specific growth delay (SGD) versus dose were fitted by eye. An

approximation of the oxygen effect was determined as the ratio of doses in the low

dose range (where oxic cells are expected to dominate the response in air) at a given

level of SGD. The hypoxic fraction was estimated from the curves by taking the

displacement of the hypoxic versus the ambient growth delay curves; i.e. the SGD ratio

(R), as observed at higher doses where curves of ambient and hypoxic tumours run

parallel (203), (between 25 and 35 Gy; where hypoxic cells are expected to dominate

the response in air). The hypoxic fraction (HF) was calculated using equation 2:

HF = (0.5) R (2)

For ail experiments data were acquired on T2V0, SGD, time to reach the nadir

(TVmin), and the tumour reduction (% Vo).

Statistical analysis of survival

Regrowth was determined starting from the moment of the first irradiation. Two

endpoints for regrowth were defined:
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a. 2V0, i.e. twice the treatment volume

b. Vmin, i.e. the nadir which is the minimal volume reached

The times at which these endpoints were reached were defined as:

a. T2vo> '-e- t n e t m i e t o reach 2V0

b. TVmin, i.e. the time to reach the nadir

c. SGD (specific growth delay), the endpoint is 2V0. (N.B. SGD is related to 2V0)

If a particular endpoint was not reached during the experimental time (e.g., the

tumours cured by therapy did not reach 2V0), the time was called "censored". For

T2vo a nd Tvmin' t n e t m i e °* a u t 0 P s v w a s t n e n used. For SGD, a hypothetical value

( > 92) was used, i.e. the longest time at which any tumour has been seen to regrow

to 2Vo after irradiation.

The probability of not having reached a specific endpoint (2V0, V ^ ) after a

certain time interval between the two doses was estimated using the Kaplan-Meier

methodology as developed for survival analysis (n9\ When the cumulative probability

functions for separate values of an explanatory variable (e.g., tumour type, dose) are

parallel curves, the use of Cox proportional hazards regression models t38) is allowed.

With these models the simultaneous influence of a number of explanatory variables

on the time until an endpoint occurs, can be investigated. Using the Cox proportional

hazards model we were able to use both data on SGD of the regrowing tumours and

data of tumours resulting in a cure, and perform a statistical analysis to investigate the

predictive value of the explanatory variables. The explanatory variables used in the

regression analysis were:

1. tumour type (NMK, HeLa or HeLa S3)

2. oxic state (ambient or clamped oxygen conditions)

3. split dose irradiation interval (6, 40, 80 or 120 hours)

4. dose rate (LDR or HDR irradiation)

For each of these explanatory variables a basis- or reference value was defined.

Relative risks were calculated to express the probability of reaching a specific endpoint

when one or more risk factors (explanatory variables) were present, compared with

the absence of the risk tactors (or compared with reference values). For the endpoint
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2V0 or SGD a risk factor smaller than 1.0 indicates that this group needed longer

times for regrowth, while values larger than unity indicate a faster regrowth of that

group compared with the reference group. An explanatory variable was said to have

a significant influence on the regrowth time, if its p-value was lower than 0.05.

SAmbient

30 40
dose (Gy)

30 40
dose (Gy)

Figure 4.3. Specific growth delay after graded single doses of HDR irradiation in a: NHIK tumours, and

b: HeLa tumours, under both ambient and hypoxic conditions.

It was also investigated whether interactions between specific combinations of

intervals, tumour types, and dose rates existed. No interactions were found between

any of these explanatory variables. The effects were merely additive, allowing the use

of a relative risk factor to describe the impact of the separate explanatory variables

on the time until the nadir was reached or until regrowth (2V0) occurred.

RESULTS

Single dose experiments: Oxygen effects

Dose response curves for HeLa and NHIK tumours after single dose irradiation
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under hypoxic and ambient oxygen conditions are shown in Figure 4.3. When the

dose-response relationship after single doses was investigated in smaller tumours (0.5

cm3), a steeper slope was found for NHIK tumours irradiated under ambient

conditions, whereas the same irradiation given to small HeLa tumours was not

significantly different from that of larger (1 cm3) tumours (data not shown).

The oxygen effect, measured as a dose ratio between hypoxic tumours and

tumours under ambient oxygen conditions of 1 cm3 (Figure 4.3.) was 1.6 for NHIK

and approximately 1.7 for HeLa tumours. The hypoxic fractions of NHIK and HeLa

tumours were estimated to be approximately 25% and 12.5%, respectively (Table 4.2.).

This is in the same order as the percentages of necrosis in both tumours (38% in

NHIK and 26% in HeLa tumours) when the large errors on these latter values are

taken into consideration.

TABLE 4.2. Parameter relevant to the radiation response of NHIK and HeLa tumours.

NHIX

HeLa

G2PF

(%)

58

40

max d G 2

4.1

2.7

D0.01

(Gy)

5.3

8.4

Oxygen

Effect

1.7

1.6

Hypoxic

Fraction

0.25

0.125

The maximal accumulation of cells in G2PF after 10 Gy irradiation is given here. The relative increase

of cells in this cell cycle phase is given by dG2- Do 01 is the radiation dose (Gy) to produce 1% survival in

oxic tumour cells irradiated in vitro. The Oxygen Effect was defined as the dose ratio (at lower doses) at a

given level of growth delay. Data are taken from Chapters 3 and 5.

Split dose experiments

1. Prognostic factors

The Cox analysis was applied to all data to first define which parameters (e.g.,

tumour type, dose rate, etc.) had prognostic significance, i.e. considering the data as

a whole and varying one parameter at a time, which showed significant differences in

response between groups subdivided according to the chosen parameter. For this

90



TABLE 4.3. Ambient irradiation

tumour (days)
SGD* Wmin

(days)

A.

NHIK

40 hrs
80 hrs

120 hrs

HeLa

40 hrs
80 hrs

120 hrs

HeLa S3

40 hrs
80 hrs

120 hrs

B.

NHIK

40 hrs
80 hrs

120 hrs

HeLa

40 hrs
80 hrs

120 hrs

HeLa S3

40 hrs
80 hrs

120 hrs

Low dose rate

27 (4-64)
120 (38-235)
100 (52-215)

97 (30-201)
164 (69-235)
122 (72-216)

160 (20-268)
127 (56-180)
64 (23-274)

High dose rate

106 (25-233)
149 (27-200)
79 (13-288)

150 (120-211)
85 (72-191)

155 (61-259)

111 (92-130)
80 (70-132)

130 (76-246)

2.0 (-0.3-8.1)
19.0 (3.8-39.8)
11.0 (4.8-40.7)

4.0 (0.7-38.5)
19.5 (2.6-37.1)
6.0 (3.8-35.7)

16.0 (2.4-48.0)
143 (7.0-25.0)
8.0 (2.3-47.0)

12.0 (2.142.3)
15.0 (2.4-24.7)
8.0 (0.4-46.2)

7.0 (5.7-40.0)
3.0 (2.0-34.7)

33.0 (3.1-38.8)

13.0 (9.2-17.6)
10.0 (6.8-15.5)
17.0 (7.4-34.0

9 (1-34)
34 (18-S5)
45 (12-65)

33 (5-51)
53 (10-85)
49 (14-80)

43 (6-118)
31 (11-100)
36 (14-124)

66(8-83)
40 (1-71)
27 (1-138)

61 (33-89)
27 (20-41)
18 (5-109)

37 (22-51)
20 (10-30)
77 (42-96)

6
9
7

9
8
8

11
8

11

5
5
8

3
3
3

2
3
3

* Cures are included in the data, by including a value of 180 days for T 2vo and of 92 days for SGD. Values
are medians; values between brackets indicate the range (minimum-maximum).

analysis, the response of NHIK tumours that received ambient HDR irradiation (total

dose 30 Gy) with an interval between doses of 40 hours, was taken as the reference
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group (risk factor normalized to unity). The most informative endpoint was found to

be SGD. HeLa and HeLa S3 tumours were found to respond significantly differently

from NHIK tumours (HeLa, p < 0.0001, and HeLa S3 p = 0.0009).

The predictive values of "oxic state" alone could not be adequately defined in this

analysis, since unequal doses were used in the ambient and clamped experiments (30

Gy vs 35 Gy) which masked the expected reduced response after clamping- It was

clear for an individual tumour, however, that ambient irradiations produced greater

responses (see Figure 4.3.).

The parameter "dose rate" was found to have no predictive value when all

tumours were considered together (p = 0.1774). The time interval between irradiations

was found to be less important (p = 0.04) than, for example, the predictive potential

of "tumour type." In fact, "tumour type" was the major prognostic factor in predicting

differences in effects. In order to investigate the impact of dose rate and of interval

between doses on the different tumours, the clamped and ambient experiments had

to be evaluated separately. These analyses are presented below.

2. Ambient irradiations.

Median values of T2y0, SGD, and TVmin for all treatment groups of the ambient

experiments are listed in Table 4.3 (cures are included in calculation of the data of

SGD and T2vo> s e e Materials and Methods). As above, the group of NHIK tumours

given HDR irradiation and an interval of 40 hours was taken as the reference group

for the statistical analysis. In contrast to what was found when all tumours were

analysed together (see above), for the ambient irradiations, it was found that "tumour

type" had no predictive value (HeLa, p = 0.634, and HeLa S3, p = 0.756). This can

also be seen in Figure 4.3., where the difference between the "oxic" curves for the two

tumours is small.

The overall effect of dose rate, taking the three tumours together, was not

statistically significant (p = 0.8050). Considering the tumours separately, the effect of

LDR on survival was better if this irradiation was used as the first dose for NHIK

tumours, whereas no difference was noticed in HeLa tumours and a slightly worse
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TABLE 4.4. Relative risk C1) of different treatment groups submitted to split dose,

ambient irradiation W.

Interval: 40 80 120

(h) (h) (h)

HDR

LDR

1

1.01

(0.41-3.16)

0.80

(0.47-1.38)

0.81

(0.36-3.81)

0.80

(0.47-1.37)

0.82

(0.69-2.75)

1. A relative risk smaller than 1 means a greater response (greater regrowtb delay and/or more cures). The

95% confidence interval of the relative risk is placed between brackets.

2. Combined data for NHK, HeLa and HeLa S3 tumours. Reference group = 40 h interval, HDR

(normalized to 1.0).

effect was seen after LDR irradiation in HeLa S3 tumours.

The interval between doses was not found to be a prognostic factor (p = 0.4644).

This could also be concluded from the estimates of relative risk obtained from the

Cox proportional hazards analysis. When the relative risk of the 40 h interval was set

to unity, the relative risk of that for 80 and 120 hours intervals was 0.80, indicating

a trend for longer regrowth delays after longer intervals (Table 4.4.).

No significant differences were found in regression rates (TVmin) between the

three tumour types. Using TVmin in the analysis of the ambient oxygen condition

data, it was found that at 120 hours, tumours had regressed more slowly than at the

other intervals, but the predictive value of this parameter is not significant (p =

0.0575) compared with other prognostic factors.

No significant differences between the 3 intervals were observed with respect to

the parameter volume reduction in any of the tumours, except for the case of NHIK

tumours using LDR irradiation and an interval of 40 hours, where less volume

reduction was noticed than for the other intervals. The strongest volume reduction

after HDR irradiation was seen after the interval of 80 hours in NHIK, after 120
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hours in HeLa and after 40 hours in HeLa S3. Metastases were noticed in 5% of

mice with regrcwing tumours, irrespective of time intervals, and were noticed mainly

in the spleen (data not shown).

3. Clamped irradiations

Median values of T2V0 , SGD, and TVmin of all treatment groups of the clamped

experiments are listed in Table 4.5. In Figure 4.4. and Figure 4.5. (upper panels) the

median specific growth delays of regrowing tumours only, are shown for each

experimental group. The percentage of cures (Figure 4.4. and 4.5. lower panels)

differed largely amongst the intervals of the experimental groups, reaching 80% for

NHDC tumours. When the HDR group for NHIK tumours with an interval of 40

hours (total dose 35 Gy) was used as reference group in the Cox analysis, it was

found that the parameter "tumour type" had a high predictive value (HeLa; p <

0.00001). When the effect of the reference group was termed unity, it was found that

HeLa tumours had a relative risk 3.8 times that of NHIK tumours, indicating a worse

overall survival (combined data for all intervals and both dose rates). "Interval" was

the second significant parameter of importance in determining response (p = 0.0178).

Concerning dose rate, it was found that when all data were combined, the groups

that received LDR irradiation had a better response (relative risk = 0.5020). Kaplan-

Meier curves of the separate treatment groups indicated that the position of the

treatment groups were not equal after the different dose rates. The effect of "interval"

was therefore best evaluable if determined for the two dose rates separately.

For the HDR irradiations, the relative risk of the 6 hour interval group was 0.91,

which was not significantly different from that of the 40 hours interval (p = 0.589).

The intervals of 80 and 120 hours had a relative risk of 1.67, and 2.31 respectively.

This meant that the response of tumours after the two longer intervals (80 and 120

hours), in terms of time to reach twice treatment volumes, were significantly worse (p

= 0.01) than after the two shorter intervals. The effect of an interval of 120 hours

was not significantly worse than that of 80 hours (p = 0.05).

For the LDR irradiations, the effects of the 80 and 120 hour time intervals did
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not differ significantly from those of 40 hours (p = 0.3 and 0.5 respectively), but the

effect of the 120 hours interval was significantly different from that of 80 hours (p

= 0.05). The relative risks were 1.61 and 1.34, respectively.

The estimated effects and relative risks of the different treatment arms by the Cox

proportional hazards model are shown in Table 4.6 and plotted in Figures 4.6. In all

four experimental groups the effects of 6 and/or 40 hours intervals showed the best

TABLE 4.5. Clamped irradiation

tumour
'2V0
(days)

SGD* /mm
(days)

Low dose rate

NHIK

40 hrs
80 hrs

120 hrs

HeLa

40 hrs
80 hrs

120 hrs

179 (32-248)
181 (168-210)
148 (25-204)

111 (47-192)
48 (22-108)

102 (40-150)

35.0 (2.6-44.0) 32 (14-98)
36.0 (21.8-40.0) 33 (18-68)
25.0 (2.6-39.2) 36 (1-54)

10.0 (3.9-34.8)
3.0 (1.3-33.3)

10.5 (3.3-38.0)

20 (11-42)
20 (6-27)
28 (15-54)

B. High dose rate

NHIK

8
8
6

11
9
8

6 hrs
40 hrs
80 hrs
120 hrs

HeLa

6 hrs
40 hrs
80 hrs
120 hrs

197 (49-219)
172 (45-219)
130 (66-226)
140 (33-212)

108 (54-160)
111 (25-207)
44 (13-229)
49 (31-53)

43.0 (13-50)
30.0 (6-44)
21.0 (8-44)
31.0 (7-92)

12 (4-35)
12 (3-38)
3 (0.2-36)
3 (1.2-9.4)

59 (40-70)
59 (30-69)
58 (28-103)
40 (13-62)

19 (8-42)
16 (1-44)
19 (8-37)
15 (8-29)

18
16
20
16

20
10
17
9

* Cures are included in the data, by including a value of 180 days for T 2 V 0

and of 92 days for SGD. Median values are given in the Table; the values
between brackets indicate the range.
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response (highest event free survival).

Metastases were found in 2-17% of the mice with regrowing tumours. The group

of 40 hours interval most frequently showed metastases (17% of all tumours). No

metastases were found in the groups with 80 hour time intervals. Additionally, at

autopsy, 2 mice (10% of the total group) with cured NHIK tumours after HDR

irradiations with 40 hour intervals showed metastases in the spleen.

DISCUSSION

The synchronizing effect of radiation itself may influence the subsequent

radiosensitivity of tumours. The radiation-induced cell cycle changes could theoreticaUy

have implications for more carefully timed radiation treatment. This hypothesis was

investigated using cell kinetically directed split dose experiments under ambient and

clamped conditions.

The effect of hypoxia

The oxygen effect measured after graded single doses was ?.7 (NHIK) or 1.6

(HeLa). This ratio of ambient/hypoxic doses may not be directly compared with the

oxygen enhancement ratio (OER), a ratio usually in the range of 2.5-3.0 for cells

irradiated in vitro with X-rays C110'200). To obtain this OER, fully oxygenated cells

should be compared with fully hypoxic cells. The lower value measured in the

xenografts is probably caused by the fact that ambient conditions are not equivalent

to fully oxic conditions since a significant proportion (12.5-25%) of the cells was

hypoxic under ambient conditions. The oxygen effect measured in the present

experiments is consistent with those estimated from results on xenografts of bladder

carcinomas t248) ?v.id melanomas (70\ where oxygen effects of 1.1-1.2 could be

calculated.
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Figure 4.4. flu- graph of i\-.t

different ireatmrnE groups after

htgh dose rate irradiation tn the

clamped spin dose cxpcnmejiis.

In ihc upper panel ihe heigh! of

the bar indicates ihe median

SGD after single doses of 0, 30,

and 25 Gy, and after spin dose

intervals of 6, 40, 80, and 120

hours (total dust- 35 Gy). Solid

error bars indicate the 25-75

perccntile of all SGD values. In

the lower panels the height of the

bars indicates the percentage of

cures resulting from single

irradiation doses of 0, 10, and 25

Gy, and from split dose intervals

of 6, 40, 80, and 120 hours (total

dose 35 Gy). Values for NHK

tumours are indicated by the

dotted bars, and for HeLa

tumours by the dashed bars.

The following discussion will be limited to the clamped experiments since these

can be more easily interpreted in terms of cell cycle changes since the reoxygenation

factor is eliminated. In addition, the clamped experiments contained a larger number

of animals and therefore allowed more definite statements to be made concerning

statistical significance.

1. Tumour type

Generally, it could be concluded that there was a large difference in effect

between NHIK and HeLa tumours. HeLa tumours showed less response (faster re-
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Figure 4.5. Bar graph of the m e d i a n SGO

different treatment groups after

low dose rate irradiation in the

clamped spin dose experiments.

In the upper panel the height of

the bar indicates the median

SGD after single doses of 0, 10,

and 25 Gy, and after split dose

intervals of 40, 80, and 120 hours

(total dose 35 Gy). Solid erTor

bars indicate the 25-75 perccniilc

of all SGD values. In the lower

panels the height of the bars

indicate the percentage of cures

resulting from single irradiation

doses of 0, 10, and 25 Gy, and

from split dose intervals of 40,

80, and 120 hours (total dose 35

Gy). Values for NHIK tumours

are indicated by the dotted bars,

and for HeLa tumours by the

dashed bars.
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growth) measured as time to reach 2V0, compared to NHIK. This was reflected in the

overall relative risk factors for HeLa in comparison with NHIK, obtained from the

Cox analysis of 2.5 for single dose irradiations (25 Gy), and of 3.8 for split dose

irradiations. In Chapter 3 it was found that NHIK tumours were more radiosensitive

after single doses of irradiation (as could also be deduced from Figure 43.). The

intrinsic radiosensitivity is also important in explaining the difference in response

between the tumours. Differences in in vivo radiosensitivity can be assessed via a

clonogenic assay in vitro. This assay could not be performed with these tumours,

although specific growth delay provided an estimate of radiosensitivity in vivo. In vitro

radiosensitivity testing resulted in a D o o , of 5.3 Gy for NHIK cells, and 8.4 Gy for

HeLa cells (Table 4.3.), i.e. NHDC cells were also more intrinsically sensitive to
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irradiation. The ratio of D001's, however, was not as great as the ratio of SGD's

(proportional to decades of cell killing), as might be expected. It was concluded that

the intrinsic radiosensitivity of tumours was correlated with their response in split dose

experiments, although not in a strictly quantitative way.

TABLE 4.6. Relative risk of different treatment groups submitted to split dose, clamped irradiation ( > for

NHIK and HeLa tumours combined, (reference group = 40 hours interval, NHIK)

Interval:

HDR

LDR

6

(h)

0.91

(0.65-1.52)

n.d.

40

(h)

1

1

80

(h)

1.67

(0.89-3.12)

1.61

(0.62-4.1)

120

(h)

2.31

(1.14-4.7)

1.34

(0.52-3.5)

nd = not determined

1. Risk factors smaller than one means a greater response (greater regrowth delay and/or more cures).

HeLa tumours have a relative risk of 3.8 (2.5-6.3) times that of NHIK tumours.

2. Combined data for NHIK and HeLa tumours. Reference group = 40 h interval (normalized to 1.0).

LDR and HDR experiments were analysed separately.

It was found in Chapter 3 that after single doses of either high or low dose rate

irradiation an increasing extent of redistribution of cells into radiosensitive phases was

related to radiosensitivity. HeLa tumours showed less accumulation in G2PF after 10

Gy, than NHIK tumours (see Chapter 3 or Table 4.1.). The relative increase of G2PF

was 4.1 times control values for NHIK, and 2.7 times control values for HeLa

tumours (Table 4.1.), i.e. a difference factor of 1.6. From the results in Chapter 3 it

was concluded that differences in G2PF increase were related to the radiosensitivity

of the tumour, but probably also to cell kinetic parameters e.g., the size of the growth

fraction.

The responsiveness of a tumour to split dose irradiation depends on the intrinsic
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radiosensitivity of the cells, the cellular repair capacity, the extent of redistribution

(and related changes in radiosensitivity), the extent of reoxygenation and on the

repopulation rate of the tumour between fractions. For tumour cure, the cell number

at the time of treatment is also important. In the clamped experiments, the effect of

reoxygenation was eliminated. Cell kinetic parameters are of importance since they

determine the time course, and sometimes the extent, of several of the parameters

listed above. Differences in G2PF as a function of time after the first dose of 10 Gy

(to be used in the split dose experiments) were known for NHIK and HeLa tumours.

In the section below it is described wncther the relative risk of 3.8 of HeLa tumours,

as compared to NHIK tumours, in the split dose irradiations could be explained by

differences in G2PF.

2. Time interval

Shorter irradiation intervals (6 and 40 h) gave better survivals than longer

intervals (80 and 120 h), and in the HDR experiments these differences were

statistically significant. The recovery from the first dose was investigated by comparing

the mean SGD after the different intervals in NHIK and HeLa tumours after HDR

irradiation (Table 4.7.). The extrapolated mean SGD for 35 Gy was found to be

approximately 19.0 for NHIK, and 5.9 for HeLa tumours. When the extrapolated SGD

of a single dose of 35 Gy was compared with the SGD's of the different split dose

groups of 35 Gy, it was found that in NHIK tumours after 40, 80, and 120 h

intervals, SGD was comparable with the SGD obtained after 25 Gy, so during the split

a dose of 10 Gy was recovered. In HeLa tumours the dose of 10 Gy is recovered

after the intervals of 80 and 120 h. This can also be deduced from Figures 4.4. and

4.5.

Two different responses need to be distinguished in the interpretation of the

results of the time intervals; the percentage of cures and specific growth delay. The

percentage of cures is dependent on the amount of cell kill necessary to sterilize the

tumour, and on the radiosensitivity of the tumour. If redistribution does not play a

role, it is expected that a given dose will induce the same amount of cell kill at all

100



intervals, but that longer time intervals between the doses will allow more repcpulation

and will therefore result in fewer cures. This is consistent with the present results, i.e.

a higher percentages of cures were generally found with the shorter intervals (Figure

4.5.). The absolute number of cures was also higher in the more radiosensitive NHIK

tumours.

cumulative event-free
NHIK LDR

32

time (days)
Figures 4.6. Cumulative probability of reaching 2 y 0 as a function of time from the Cox proportional hazard

analyses for clamped experiments. In these analyses, tumours were scored for the time to reach twice

treatment volume, expressed in terms of SGD. Each recurrence (tumours reached 2 V 0 ) was scored as an

event. The time interval (h) between the two radiation doses is indicated against each curve.

For the growth delay assay, unlike tumour cure, proliferation between fractions

will not influence the total delay, provided it is the same after all doses. If

redistribution is not a factor, the same delay would therefore be expected at all

intervals. After LDR irradiations no major differences were observed for the different
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time intervals in HeLa tumours, whereas 80 h appeared to be the most effective

interval for NHIK although many mice were cured in this group, making the numbers

small. After HDR irradiation, median SGD's decreased with longer intervals in HeLa

tumours, whereas for NHIK tumours the 6 hour interval resulted in significantly longer

times to regrow to 2V0 than that of 40 and 80 hours.

TABLE 4.7. Recovery of radiation damage during split dose irradiation. Mean SGD data measured after

different single doses (control groups) and after different intervals of split dose irradiation.

Single dose Split dose

NHK tumours

dose

(Gy)

0

10

25

3 5 "

dose

(Gy)

0

10

25

35**

SGD*

0.6+0.2

5.2+0.6

14.2+1.8

19

SGD*

0.4±0.2

2.5+0.7

3.3+0.7

5.9

HeLa tumours

interval

(hrs)

6

40

80

120

interval

(hrs)

6

40

80

120

SGD*

28.9+4.5

13.3+2.5

14.2+2.8

17.4±3.7

SGD*

11.2+1.3

8.5+2.2

3.5+0.7

4.0+0.8

* means of SGD data (+1 S.E.M.) of regrowing tumours only.

•* extrapolated SGD

Three different hypotheses could be postulated to explain the poor correlation

between G2PF (Table 4.1.) and response after HDR irradiations.

1. The induced synchrony at 40 h is insufficient to sensitize the whole tumour,
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and/or the cells blocked in G2 are no longer viable.

2. Repair may possibly be incomplete at the 6 hour interval, resulting in a longer

than expected median SGD. This would not explain the relatively long median

SGD in the 40 hours interval in HeLa tumours which may therefore be caused

by redistribution and G2 accumulation. The equal effects of 6 and 40 h intervals

would therefore result from different causes, i.e. incomplete repair and synchrony,

respectively. In addition; it could be argued that the poor response at 80 and 120

hours intervals (Figure 4.6.) indicates an important role for proliferation, in which

case proliferation within 40 hours would be expected to cause a worse response

than that with a 6 hours interval. The almost equal 6 hour and 40 hour responses

may therefore indicate that the higher G2PF accumulation at 40 hours

counteracted the expected bad response.

3. Regrowth after longer intervals (80 z^d 120 h) could be increased as a result of

accelerated regrowth.

It is concluded that redistribution may have effected the longer times for regrowth

(SGD) in the HDR experiments with HeLa tumours, although other explanations are

equally likely. More data would be needed to exclude these other possibilities (e.g.,

incomplete repair).

In summary, the capacity to accumulate in G2PF after irradiation, and the

intrinsic radiosensitivity were correlated with the different responses seen in different

tumours after single doses. The intrinsic radiosensitivity and response were also

correlated in split dose irradiations, although not in a strictly quantitative way. The

accumulation maximum of cells in G2 induced by the first dose and response could

be correlated in split dose irradiations. It is postulated that other factors, such as the

cell loss factor and repair or repopulation rate may also play a role in determining

response.

3. Dose rate

LDR irradiation was found to give longer times to regrow to twice treatment

volume than HDR irradiation at equivalent doses. This was not expected because of
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sublethal damage repair during the low dose rate treatments. Other mechanisms than

repair may therefore have been responsible for these differences.

Smaller tumours were used in the HDR experiments than in LDR experiments.

To check for any tumour size dependent differences in cell kinetics, three groups of

10 mice bearing NHIK, or HeLa tumours were subjected to 10 Gy HDR irradiation

and after 6, 40 and 80 hours, cell kinetic parameters were evaluated by means of flow

cytometry (FCM). This analysis showed no differences in the extent of maximal

Hela
10 Gy

20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
hrs

Figure 4.7. G 2 +M fraction at different times after irradiation for tumours of 1 cm3 as measured by flow

cytometry. Triangles indicate the corresponding data obtained from tumours of 0.5 cm3.

accumulation in G^ compared with changes in G2PF in larger (1 cm3) tumours, as

obtained earlier in Chapter 3 (Figure 4.7.). Although cell kinetic parameters of smaller

tumours were found to be equal to those of larger tumours, regression occurred faster

than in the larger tumours.

Other factors are also known to change with tumour size. For example,

radioresistance increases with tumour volume. Under ambient oxygen conditions this

is the result of the necessity of a greater cellular depletion and of the existence of a

larger population of radioresistant hypoxic cells C226-236) in larger tumours. Secondly,

the residual immune system of the nude mice, e.g., NK cells may be just effective

enough to remove a small remaining tumour, whereas in the bigger tumours receiving

LDR irradiation, this may not be possible. Thirdly, the presence of tumour bed effect

(TBE) needs to be considered. TBE is expressed by a decreased tumour regrowth rate

compared with growth rates of untreated tumours. TBE has been reported to be
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larger in larger tumours (103\ In the present investigations, TBE was variable in all

treatment groups, although it was more apparent at longer intervals (TBE found in

17-26% of the ! amours) than after shorter intervals (TBE found in approximately 12%

of the tumours). There appeared to be no correlation between TBE and tumour size

or dose rate, however. It was therefore concluded that TBE was not an important

factor in the present studies.

Relevance to the clinic

The expected increased effect of ceil kinetically directed split dose intervals was

not demonstrated clearly in these investigations. More data have to be acquired to be

conclusive about the relevance of the cell kinetically directed intervals under ambient

conditions, and after LDR irradiation. The relevance for the clinic can only be

assessed after further experiments with other tumours and using multiple fractions, in

which ihe effect of synchrony could either be multiplied or cancelled out. The

suggestion that accumulation in G2 may not be extensive enough to optimize therapy

(125,296)̂  m a v explain the absence of an increase in therapeutic gain with

synchronization therapy, seen in the few clinical studies so far (e-g> 67>172).

To gain a further understanding of this type of cell kinetically based therapy, in

vitro studies have been carried out. The primary goal of these studies was to

determine whether the cells blocked in G2 were clonogenic and therefore contributed

to the overall split dose response. The results of these investigations are reported in

Chapter 5.



Chapter 5

THE SENSITIVITY OF RADIATION-ARRESTED CELLS TO A

SECOND DOSE: AN IN VITRO STUDY ON FIVE HUMAN CERVIX

CARCINOMA CELL LINES

This chapter was based on:

I.E.A. van Oostrum, S. Erkens-Schulze, I.S. Wils and D.H. Rutgers. The relationship between radiosensitivity
and radiation-induced cell cycle redistribution of five human cervix carcinoma cell lines. The susceptibility of
radiation-arrested cells to a second dose. Int J Radiat Biol (submitted).
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INTRODUCTION

In previous chapters, six different human tumour xenografts growing in nude mice

were used to investigate the relationship between cell kinetic changes induced by

irradiation and the subsequent sensitivity to a second dose. In these studies, BrdU and
3H-TdR were used to assess the kinetic parameters of the undisturbed tumours

(Chapter 2). These were then correlated with kinetic changes induced by irradiation,

principally the G2 block, and to the overall volume response to treatment measured

by tumour growth delay (Chapter 3). Finally, the ability to predict the optimum timing

of the second radiation dose based on maximal accumulation in G2 was tested in the

xenografts in vivo (Chapter 4).

The results of the in vivo studies reported in Chapter 4 appeared to show that

there was not a good correlation between G2 accumulation and tumour response.

However, although attempts were made to reduce the influence of factors other than

synchrony in these experiments (such as reoxygenation, by clamping the tumour at the

time of the second irradiation), factors such as the rate of repair of damage at short

intervals, proliferation of surviving cells between fractions and the tumour bed effect

may have played a role.

In this last study, we therefore returned to a more simple model system, i.e. cells

in culture, to try to gain an understanding of why the in vivo experiments did not

appear to show a benefit of kinetically-based timing of interfraction intervals. With

these experiments it was hoped to be able to answer the question of whether the G2

block was sufficient to sensitize the total population and whether the G2 blocked cells

were viable.

Most studies on the radiosensitivity of specific cell cycle phases in vitro have been

carried out on highly synchronized populations. Differences in radiosensitivity between

phases are thus maximized. One problem with these studies can be that the drugs

used to synchronize the cells can themselves have an influence on radiosensitivity (164).

Furthermore, these pure populations do not closely simulate the situation occurring

after radiotherapy that we wished to study here. It was therefore attempted to use
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radiation to partially synchronize the cells. By performing split dose experiments and

employing different time intervals between the two fractions we hoped to better test

the hypothesis of whether a second fraction, given at the time of maximal

accumulation of irradiated cells in G2 would result in enhanced effectiveness.

MATERIALS AND METHODS

Cell lines

Five human cell lines were used which have been described in detail in Chapters

2 and 3. Four lines were derived from human carcinoma of the cervix: NHIK (-lll\

HeLa <81>, HeLa S3 (194> and Mel80 (246), and one carcinoma of the vulva: A431 <82).

The cell lines were re-established from cell suspensions prepared from the tumours

propagated in nude mice. Biopsies of the tumours were minced with scissors under

sterile conditions. The cells were washed once in phosphate buffered saline (PBS) and,

for at least two passages, tumour cells were grown on lethally irradiated Sbroblasts

(L929 cells; 50 Gy) which served as a "feeder layer" (194). The cells grew as

monolayer cultures on plastic 25 cm3 flasks (Nunc) in Dulbecco's Modified Eagles

Medium (DMEM; Flow Laboratories) supplemented with 10% foetal calf serum

(Gibco), 2 mM glutamine (Gibco), 50 U/ml penicillin (Centrafarm) and 0.05 mg/ml

streptomycin (Gist-Brocades). Cells were used between passages 5 to 30 (NHIK, HeLa

and HeLa S3), and from passage 3 to 20 (Mel80, A431). A431 cultures became

senescent after 30 or more passages. In all cell lines, cloning efficiencies ranged from

0.1 to 14% in the different experiments.

Irradiation procedure

All irradiations were performed using a 250 kV Orthovolt machine (Philips, HVD

2.05 mm Cu, 1 mm Cu filter, operating at 15 mA, at a dose rate of 3 Gy/min). Six

25 cm2, (T-25) or two 75 cm2 (T-75) tissue culturing flasks could be irradiated
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simultaneously. Corrections were made for the thickness of the flask. Scatter was

provided by a 2 cm TEMEX rubber pad.

Flow cytometry

Parallel to the experiments described below, flow cytometry was utilized to

determine cell cycle phase distributions by the DNA content per cell. Cell kinetic

changes were measured of cells growing in log phase that had received single doses

of irradiation (0, 2, 5, or 8 Gy). Trypsinized cells were fixed in ice cold 70% ethanol

and stored at 4 °C until all samples could be measured at one time. The fixed cells

were prepared for flow cytometric analysis by washing twice with PBS and staining for

DNA with ethidium bromide (1 ug/ml, Sigma) containing a 0.25% RNAse solution

(12.9 mg/ml, Worthington). DNA distributions were measured using a Cytofluorograph

50-H (Ortho Diagn. Systems, Westwood, Mass. USA). Total fluorescence (EBarea) and

peak fluorescence (EBo^) of at least 10,000 cells were measured and stored in list

mode for further analysis. Cell doublets were gated out using the EB fluorescence

peak and area parameters. The resulting histograms were analysed with an iterative

computer program (139> which estimated the fraction of cells in Gt (GjPF), in S (SPF)

and in G2+M phases (G2+MPF).

Tissue culture: clonogenic assay

T-75 tissue culture flasks with cells in log phase of growth, containing maximally

2 x 106 cells, were used as the source of both cells and conditioned medium. The

medium was collected from 1 day old cultures, centrifuged, and the supernatant

medium was stored sterile (conditioned medium). Cells were trypsinized (0.25%,

DIFCO 152-13), washed, and plated out in different numbers on 5 replicate T-25

flasks per dilution. Two ml fresh medium was added and the cells allowed to settle

for 90 minutes before being irradiated. After irradiation, 2 ml of the conditioned

medium was added, as this was previously noticed to increase the plating efficiency.
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The cells were kept at 37 °C for 14 days. After 7 days, or earlier if necessary, 1-2 ml

fresh medium was added. At day 14, the flasks were washed with saline solution

(0.9%), fixed in Bouins fixative, washed twice with distilled water, and stained with

haematoxylin blue. Tumour cells giving rise to colonies of 50 cells or greater were

scored as survivors and were counted by eye. Cell survival was estimated from the

ratio of colony forming ability of irradiated cells to that of unirradiated controls.

Datapoints were fitted using a polynomial function based on the linear-quadratic (LQ)

equation (dose + dose squared). The initial slope, a, the curvature 3, and the a/Q

ratio were calculated for the five lines. A third parameter to estimate radiosensitivity

was the dose needed to achieve two logs of cell kill (D001).

Split dose experiments

In T-75 flasks, 106 cells were subcultured for two days in order to obtain log

phase cultures. The flasks were then either irradiated with graded single doses of X-

rays (0, 2, 5, or 8 Gy) or entered into a split dose experiment. The controls (0 Gy)

were sham irradiated. In contrast to the single dose experiments described above, cells

were trypsinized after irradiation, to avoid problems with multiplicity of the cells during

the experiment. The cells were washed, and plated in T-25 flasks in different

concentrations according to the delivered dose. Plating was carried out at intervals

ranging from 3 to 45 hours after irradiation. The log phase cultures were irradiated

with 5 Gy and then subjected to a second dose of irradiation (0, 1, 2, 3, 4, 6, or 8

Gy) after the same time intervals as used in the delayed plating experiment. Ninety

minutes prior to the second dose, cells were trypsinized, washed and plated in different

concentrations depending on the dose to be given. After irradiation, cells were

immediately transferred to 37 °C after adding 2 ml conditioned medium for colony

formation.
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RESULTS

Unperturbed cell kinetics

During log phase of growth, the population doubling times from 105 to 2 x 105

cells for the different cell lines ranged from 9 to 30 hours (Table 5.1.). Mel80 and

A431 cell lines reached a plateau at approximately 2 x 106 cells. All cell lines showed

prolonged doubling times at these cell densities. No large differences were found in

the distribution of cells over the cell cycle in unperturbed situations (Table 5.1.). The

S phase fractions of the cell lines varied from 14 to 22%. HeLa S3 cells showed the

smallest G2+M phase fraction while Mel80 cells showed the largest (Table 5.1.). The

cell number doubling time and the fraction of cells in S and G2+M phase showed no

correlation.

TABLE 5.1. Cell kinetic parameters of unperturbed cells in vitro

cell line

NHK

HeLa S3

A431

HeLa

Mel80

The data on cell cycle phases were obtained from flow cytometric analyses using the DNA stain eUndnim

bromide. Errors are ±1 S.D.

Redistribution of cells through the cell cycle after irradiation

Control values of GjPF, SPF and G2PF of unirradiated cells are given in Table

5.1. Most prominent changes in cell cycle distribution after irradiation were noticed
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S
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Figure 5.1. G2PF as a function of time after irradiation for five different human tumour cell lines irradiated

in vitro. For each tumour, the four panels represent cell kinetic data after 0, 2, 5 and 8 Gy (from top to

bottom) respectively. Errors are ± 1 S.E.M.; at least 4 samples were used to determine each data point.

in G2PF (Figure 5.1.)- The accumulation maximum was related to the dose given for

all cell lines, although the relationship was weak for Mel 80 cells (Figure 5.2., left

panels). HeLa cells showed the greatest G2 accumulation, reaching approximately 50%

after 8 Gy. HeLa S3 cells showed the least accumulation, reaching approximately 30%

after 8 Gy, the highest dose tested. The increase of G2PF after 8 Gy was the highest

in NHIK cells and the lowest in Mel80 cells. When the increase of G2PF after

irradiation of cells grown in vitro was compared with their ranking in radiosensinvity,
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a correlation in ranking was observed (Table 5.2.).

The timing of the first G2 accumulation maximum was also related to dose, with

longer times required to reach maximal accumulation after higher doses (Figure 5.2^

right panels). The tuning of the accumulation maximum after 8 Gy was compared with

the doubling time (TD) of the cells in vitro (from Table 5.1.). A close correlation was

found between the timing of maximal accumulation and doubling times in HeLa and

A431 cell lines, but in the three other lines, doubling times were found to be generally

shorter than the timing of maximal accumulation in G2PF.

114
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radiosensuivity in vivo).

in viiro in vivo

J0.01 G2PF SGD

NHIK

HELAS3

HELA

A431

ME180

!

3

2

4

5

2

1

3/4

5

3/4

1

2

3/4

3/4

5

2

1

4

3

5

D 0 0 I and SGD: 1.

5.

most radiosensitive

most radioresistant

G2PF: 1. highest increase in G2PF

5. lowest increase in G2PF

Radiosensitivity

The initial slope a, the curvature 3 and the a/3 ratio were calculated for the

Gve cell lines (Table 5.2.)- In the fitting procedure, it was possible to include errors

on the data, which increased the reliability of the derived a , (3 and D 0 0 1 values.

Except for the radiosensitive cell line NHIK, little difference in sensitivity was observed

between the cell lines (Figure 5.3). The parameter D o o l includes information on both

the initial slope a and the 3 component of the curves. The dose to achieve two

decades of cell kill was between 5 and 10 Gy, NHIK and HeLa S3 being the most

radiosensitive, and A431 being the most radioresistant, based on values of D0 0 1 .
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Figure 5.3. Survival curves for ths 5 tumour

cell lines after irradiation in vitro, ( o ) NHEK,

( • ) HeLa, ( a ) Hela S3, (* ) Mel80 and (A)

A431. Each point represents the mean ± 1

SEM of at least two independent experiments.

Data were analysed using a polynomial fit based

on the LQ equation.

5 10
dose (Gy)

TABLE 5.3. Survival curve parameters obtained from the single dose irradiations (see Figure 5.3).

HeLaS3

NHIK

HeLa

Mel80

A431

a

(VGy)

1.01+0.14

0.91+0.051

0.44+0.12

0.20+0.092

-0.085+0.064

13
(1/Gy2)

-0.016±0.022

-0.0085+0.0064

0.0148+0.019

0.419±0.098

0.0517+0.0067

«/3
(Gy)

-6.3±0.69

-106+0.75

29.5+1.33

4.77±0.52

-1.64+0.79

D0.01

(Gy)

4.9+0.60

5.3+0.37

8.35+1.87

8.36+1.04

10.2+0 .72

Parameters were determined by equation:

-In SF = «D +3D 2

D,'0.01 radiation dose needed to achieve two decades of cell kill.

Errors ± 1 S.D.

Split dose experiments

Delayed plating for times up to 45 hours after irradiation resulted in survival
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curves which, when the data were fitted to the polynomial function, all differed slightly

in their survival curve parameters. However, no significant differences in D0 0 1 were

noticed over the first 9 hours of delayed plating compared with D001's after longer

plating delays (0.6 < P <0.5), due to large errors on the data. The mean surviving

fraction after the 5 Gy first dose was 2.46% (±0.70%) in NHIK tumours, 2.50%

(±0.93%) in HeLa tumours and 3.27% (±1.66%) in HeLa S3 tumours (data not

shown).

For the cell lines NHEK, HeLa and HeLa S3, split dose experiments were carried

out in which a graded series of second doses were given at differed intervals after the

first dose of 5 Gy. After the shortest interval (60 minutes), the SF after a single dose

of 5 Gy in these delayed plating split dose experiments, was 7.8% (±8.6%), 7.0%

(±5.8%), and 11.9% (±6.0%) for NHIK, HeLa, and HeLa S3 respectively. The

survival curves for all interfraction intervals obtained with the NHIK line are shown

in Figure 5.4. From these survival curves obtained after two irradiation doses,

separated by different irradiation intervals, D0 0 1 values were calculated as a measure

of radiosensitivity. The results, in terms of changes in D001, obtained with all cell lines

are drawn in Figure 5.5. The influence of cell cycle effects was expected to be most

prominent at 27 h for NHIK, 21-24 h for HeLa, and 18 and 36-42 h intervals for

HeLa S3, since at these times the highest percentages of radiosensitive G2 phase cells

were measured (Figures 5.1. and 5.2.). Although there was a tendency for low DOOi

values to occur at or near these times (NHIK and HeLa S3), there were other

fluctuations in D0 0 1 which appeared to be unrelated to changes in G2PF. In addition,

the maxima in G2PF were often broad and sometimes ill defined, preventing a precise

analysis.

In an attempt to compare the effects in the different tumours we first evaluated

the ratio of D 0 0 1 values at G2PF-minima (DOoi>G2) and the D 0 0 1 value observed at

an interval of 0 hours (D001,0). A ratio lower than 1.0 would indicate a synchrony

related radiosensitivity. The ratios (D001,G2/D001,0) were 0.76, 1.35, and 1.23 for

NHIK, HeLa and HeLa S3, respectively, indicating the variation between tumours and

the lack of convincing of this hypothesis. Finally, the Do 01 values were plotted against
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the fraction of cells in G2PF in order to test for a correlation between the two

parameters (Figure 5.7.). The data were fairly scattered and there was no obvious

correlation between the parameters for any of the three tumours tested (correlation

coefficients of 0.13, 0.80 and -0.87 for NHIK, HeLa and HeLa S3 respectively).

log(SF)
0 -

-1.00-

-2.00-

-3.00-

.400 - i -
0

9h 15h 18h 21h 27 h 30h 33h 36h 42h

dose ( Gy)

Figure 5.4. Radiation survival curves for the second dose in a split-dose experiment for NHIK cells. The

time between doses is indicated for each curve. Each interval on the abscissa represents 2 Gy; the curves have

been separated horizontally for clarity.

DISCUSSION

Redistribution of cells over the cell cycle

The most prominent changes in cell cycle distribution after irradiation in vitro

were noticed in G2PF. Changes in G2PF were also seen to be the major change in

cell cycle fractions in the same tumour lines grown in vivo (Chapter 3). After high

dose-rate irradiation in vitro, the duration and maximum of the G2 block was found

to correlate with radiation dose. This finding is consistent with those of others

(57,124,268) Accumulation of cells in G2+M phase in vitro has been reported to reach
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levels of between 40 and 80% (126). Although values as high as 80% were not reached

in the present study, values of in between 50 and 60% were observed. In most of the

cell lines, a plateau in the G2PF dose curve was not apparent, implying that at higher

doses, higher G2 accumulations would occur. In general, the accumulation maximum

in vivo has been found to be smaller than that in vitro (117>142). In the present

investigation, however, the accumulation maxima in vivo and in vitro after 8 Gy were

comparable (Figures 3.5. and 5.2.). Since cells growing in vivo were not maximally

blocked after a single dose of 8 Gy, it seems plausible that the maximum of cells

blocked in G2 in vitro may also be higher if higher doses were applied.

Do 01 <Gy)

"I-6--

4 - •
NHIK

Figure 5.5. Radiosensitivity in split

dose irradiations as a function of time

between doses for three human tumour

cell lines. The first radiation dose was 5

Gy. Radiosensitivity to the second dose

was estimated from the dose to give 1%

survival ( D 0 0 1 ) .

Held

10 15 20 25 30 35 40
interval between doses (hrs)

The timing of the first G2 accumulation maximum appeared to be related to dose.

Due to the rather broad peaks, especially at low doses, the exact form of the dose

response curves were difficult to define precisely. Theoretically, the curve drawn

through the data on G2PF versus time after irradiation will be the resultant of

different effects. After low doses, radiation will not be able to block cells sufficiently
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to result in an effective accumulation. This results in more extended periods of minor

elevation of G2PF. A second factor is the impact of blocks in other cell cycle phases.

The nature of G2 accumulation is different after lower doses, i.e. it will not be

dominated by cells irradiated in G2 phase, but by cells which are blocked in other

cell cycle phases, e.g., S phase (126\ From an investigation on L-cells it has been

reported from that the influx of cells into the G2 block was different at lower doses,

i.e. when cells were irradiated in S, the block increased very rapidly, whereas after

irradiation with low doses in Gj and at the Gj/S border, cells desynchronize and only

gradually accumulate in G2 (126^. This phenomenon could have possibly occurred in

our cell lines. Mel80 cells did not accumulate in S phase prior to accumulation in

G2PF, as was seen in this tumour line growing in vivo (Chapter 3).

A change in G2PF was noticed to be the major change in cell cycle distribution

in the same tumour lines grown in vivo (Chapter 3). Cells could be ranked according

to their radiosensitivity and to the accumulation maximum in G2PF (Table 5.2.). It is

possible that cells of radiosensitive cell lines reside longer in G2 phase after irradiation,

since their repair-rate may be lower. A correlation between the accumulation

maximum of cells in G2PF and radiosensitivity might be expected as a consequence.

When the ranking of cell lines according to their radiosensitivity in vitro and their

specific growth delay were compared of the 5 lines used, Mel80, HeLa and A431

showed a reversed order. Mel80 and HeLa had very similar DOOi values (Table 5.3.).

It was therefore concluded that there was a reasonably good correlation in these

tumour cell lines between radiosensitivity to a single dose and subsequent accumulation

in G2 phase.

Prediction of the timing of maximal accumulation

Cells will be blocked longer in G2, when irradiated later in the cell cycle. As a

result, the cells will be released more or less synchronously from the block (143). It

appeared that the timing of maximal accumulation in G2 is related to the length of

the cell cycle (Chapter 3). It was suggested that if cells were irradiated by a dose
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sufficiently high to block most cells effectively in G2 phase, the time of this block

might relate to the cell doubling time. This relationship was found in bovine aorta

cells after 5 Gy of low dose rate irradiation (211\ In the present study, the correlation

between the population doubling time in vitro and the moment of maximal

accumulation in G2, of the irradiated log phase cells was found to be weak (Figure

5.6.). Generally, the cell lines showed doubling times between 9 and 30 hours and

timing of maximal
G2PF accumulation (hrs)

30-

Figure 5.6. Correlation between the timing of 2 6 -

maximal accumulation of cells in G2 phase

(after 8 Gy) and the population doubling times «.

of the five cell lines in vitro.
• I

10 20 30 40
TD (h rs)

accumulation maxima between 20 and 40 hours. These data suggest that TD cannot

be used as a parameter to accurately predict the time of accumulation maxima in

vitro, especially if the radiation dose necessary to block cells in G2 efficiently is

unknown.

The susceptibility of the cells to a second dose

DOOi values were plotted as a function of interval times for three tumours in

Figure 5.5. Theoretically, two phases should be distinguished in these graphs. In the

first few hours, sublethal damage repair (SLDR) will dominate. Increased sensitivity

to a second dose of radiation, after the initial repair period, was described by Elkind

and Sutton (59\ This second phase was attributed to changes in the distribution of

cells over the cell cycle ^°\ This phenomenon was reported shortly afterwards by

various investigators to occur for cells in vivo as well (18,63,150,255,280,282) j t w a s

concluded that cells remained susceptible to additional arrest in G2 until released from
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Figure 5.7. Radiosensitivity (Dg QI) after split dose irradiations as a function of G2PF accumulation for

NHIK, HeLa and HeLa S3 cells.

the arrest induced by the first dose ^258\ Cells may also experience further delay if

another dose is given (160\ A correlation was observed between the extent of

redistribution and cell survival (113). Cells that were experiencing a block became very

sensitive to sterilization by additional radiation doses (14>272). it was therefore expected

that the temporary existence of a large fraction of cells in G2 phase due to the

previous irradiation would result in an overall increase in radiosensitivity. It was further

expected that cell populations with a greater increase in G2PF would show lower

surviving fractions in a split dose experiment. On the basis of this hypothesis, it was

expected that the extent of cell killing in split dose radiosensitivity would increase in

the order HeLa, HeLa S3 and NHIK cells, since their potential to accumulate cells

in G2PF increases in that order. The iso-effect dose-ratio's for maximally blocked and

asynchronous populations (DQQ1,G2/D0Q1,0) of 1.35,1.23, and 0.76 for the three lines

respectively, support this assumption. This conclusion may be coincidental, however,

since, when the accumulation maximum in G2PF after 5 Gy for each separate tumour

line was plotted against the D 0 0 1 (Figure S.7.), no significant correlations between

those parameters were found. Changes in the effectiveness of therapy could therefore

not be explained by the cell cycle changes.

The maximal reduction in surviving fraction, observed at the time of maximal

accumulation of cells in G2 phase (after 2 x 5 Gy), was maximally a factor of 7.6
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times, which was found in NHIK tumours. This factor was not inconsistent with the

decrease in surviving fraction after 2 x 5 Gy of a factor 2 found in asynchronous

populations compared with fully synchronized populations (100% G2 phase cells) of

V79 Chinese Hamster cells (17°). Ratio's of 2.4 and 7.3, were observed in these cells

when an initial dose of high LET irradiation was used. Attempts to investigate

synchronous populations of our own cell lines by means of centrifugal elutriation were

only partly successful. The G2 fraction of HeLa cells could be enriched from 10%

to approximately 25%. The surviving fraction of the G2 population after 5 Gy was

then 15 times smaller than that of the unsorted population (results not shown).

One possible explanation for the relatively small effects observed is that a large

fraction of the G2 arrested cells have lost their clonogenic potential. This phenomenon

has been described by Pallavicini et al. (179). In contrast, Rowley and Egger (21°)

presented a synchronization method to investigate cells blocked in G2 by irradiation

in which they found the G2 population to consist of viable cells.

A second explanation for the small effect of cell kinetics in the present split dose

experiments is that differences in survival between the different cell cycle

compartments are not large in these tumours. In the five cell lines used in these

experiments, however, sensitive G2 phase populations were described for NHIK cells

(187\ HeLa and Hela S3 cells C249-250), and for A431 cells <123>. The age response of

Mel80 cells was reported to be flatter (123). The cell lines used in the split dose

experiments all had relatively sensitive G2 phases.

A third possible contributing factor was the protocol design. To avoid problems

of multiplicity of cells during the split dose experiment, cells were trypsinized before

the second irradiation. It has been reported (9) that this can increase radiosensitivity.

Radiosensitivity in split dose experiments may therefore have been higher than in the

delayed plating experiments with which they were compared, although it may be

expected that cells in all cell cycle phases will be equally affected. Finally, the fraction

of G2-accumulated cells may not have been large enough, i.e. the cells residing in

radioresistant cell cycle phases (e.g., S) may have dominated the outcome of the split

dose experiment more than the cells in radiosensitive (G2) phases.
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In conclusion, changes in overall radiosensitivity induced by an initial single dose

of irradiation were difficult to detect even in well controlled cell culture systems. The

effects of repeated radiation fractions on accumulation in G2 and subsequent

radiosensitivity changes are not known and deserve study to approach the situation

in clinical radiotherapy practice more closely.
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Chapter 6

GENERAL DISCUSSION
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6.1. GENERAL GOALS AND APPROACH

The radiation-induced synchronization of cells in the radiosensitive G2 phase can

theoretically be exploited in order to optimize the efficacy of radiotherapy.

Fractionation intervals can be tailored to the pattern of synchrony of individual

tumours. In this thesis, cell kinetic parameters of tumour models before and after

irradiation were determined in order to investigate the possibility of applying cell

kinetics in scheduling fractionation intervals in radiotherapy. The pre- and post-

irradiation parameters were then correlated with cell survival (in vitro) and tumor

response (in vivo) at different fractionation intervals. In this way, the prognostic value

of kinetic measurements in designing radiotherapy schedules was assessed. Since the

final application of the method was aimed at the clinic, and xenografted human

tumours were thought to be the most representative tumour model for the clinic, the

nude mouse was chosen as an experimental model for these studies. The tumours

chosen were all of gynaecological origin and in the course of these studies they were

treated with both high dose rate and low dose rate (brachytherapy) irradiation, two

commonly applied radiotherapy techniques for these tumours.

6.2. COMPARISON OF CELL KINETIC METHODS

The first task was to establish the cell kinetic parameters in undisturbed tumours

(Chapter 2). Cell kinetic data were determined by two methods: continuous labelling

with tritiated thymidine and pulse labelling with BrdU. With the tritiated thymidine

method, cell cycle times were obtained of the fastest proliferating population of cells

in the tumour, since tumour areas of maximal labelling were selectively counted. The

reliability of the determination of the inflection point (T^Tj) was sometimes difficult

since the method is partly subjective. In tumours with a large variation of cell cycle

times the determination of the inflection point may be difficult or even impossible.

Errors on the X-axis intercept (Ts) and the inflection point (T^Tj) were therefore

quite large. An advantage of the continuous labelling method is that it can also
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provide a growth fraction estimate (e-8-46)> which may be an important parameter

influencing the magnitude of a radiation-induced G2 block (see section 6.3 below).

This value for the growth fraction is also subject to large errors if measured with this

technique, however, since its value is also dependent on the position of the inflection

point. Moreover, the method to determine GF from continuous labelling curves has

been criticized as theoretically incorrect ^2A0\

Cell kinetic data were also determined using BrdU labelling on all six tumours

by the single sample or relative movement (RM) method (16\ The cell cycle time, T^

determined by the multiple sample method gave Tc values obtained via the mid-S and

via mid-G2 window of range 20-50 hrs. Generally, cell cycle times obtained by the

BrdU method were longer than those observed with the tritiated thymidine method.

This was probably due to the fact that with 3H-TdR labelling, areas of high

proliferative activity were selectively counted, whereas in the BrdU method an average

Tc was obtained.

The variations in growth kinetics, histological parameters, differentiation and

extent of necrosis found in this study suggested that the six xenografted tumours were

suitable models to test the hypothesis of this study. Regarding kinetic techniques, it

was concluded that for measurement of Tg, the best method to use for further

investigations, especially in experimental tumours and xenografts, would be the BrdU

RM method. Instead of taking one sample, however, a more accurate determination

of Ts can be obtained when multiple samples are taken at different times after

labelling and the data are analysed by a regression analysis. This will also considerably

enhance the reliability of the determination of T ^ , as was also described by Parkins

et al. (181). The large variation in Ts values using the determination of Ts from a

single point, compared with that of all RM-data used in the present experiments, is

shown in Table 6.1. Consequently, T ^ values obtained from single samples showed

variations from 49 to 212% of the T-Q, values obtained with all data, consisteat with

the variation shown in the study of Parkins et al. (181) using human tumour xenografts

as well. It is therefore concluded that at least two or three samples, spaced in time,

should be obtained for the RM determination. This is feasible in experimental studies,
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TABLE 6.1. Potential doubling times obtained by the Relative Movement (RM) meitood using Ts value

determined either by the RM method using individual data points, or by a regression line through ail data.

NHIK HeLa HeLaS3 Mcl80 A431 HX156

sampling time (h)

4.2

103 19.5 7.6

7.7 10

9.0

9.6 9.1 9.7

1

3

4

5

5

5.5

6

6

7

9

All data (•)

6.3

8.6

11.2

11.5

11.6+1

9.3

9.6

6.0

7.1+0.3

6.2

6.5

6.1

10.2

8.4

7.7 i

(*) Mean T& ±1 S.D. (hours), T s values obtained from a regression line through all data extrapolated to RM

= 1.0. T s values obtained from a single sample were assumed to have a RM of OS at time 0.

although difficult or impossible in the clinic. Tc is probably best obtained by the BrdU

windows analysis. This should give similar answers to that measured with the percent

labelled mitosis (PLM) method with 3H-TdR, but more rapidly, without the use of

radiolabel, and with greater statistical accuracy.

6.3. THE VALUE OF CELL KINETICS IN SCHEDULING

FRACTTONATTON SCHEMES

The value of cell kinetics in altered fractionation schemes (e.g., accelerated or

hyperfractionation) is presently focused mainly on the determination of T ^ of human

tumours (eg-.i7,39^o,iO8,ii6,i54) Tumours with short Tn-, values could be selected for
poi
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treatment with accelerated fractionation, on the assumption that the pretreatment T^j

is a measure of proliferation occurring during fractionated radiotherapy. In the present

investigations, however, another approach was used. Cell kinetic parameters were

reasoned to be of use to predict:

1. the timing of maximal accumulation of cells in G2 phase after irradiation.

2. the response of tumours to irradiation.

In Chapter 3 it was described that the cell cycle time of the tumours was related

to the time of maximal accumulation of cells in G2. This observation is consistent with

observations in synchronized cell populations, where it was concluded that, for a given

dose, the length of G2 varied with the initial position of the cells in the cell cycle at

the time of irradiation (.iM,\38,U3,i59?n)^ jhe length of the G2 block was relatively

short for cells irradiated while in G1 phase, extended for cells in S phase and most

prominent for cells that are irradiated while in G2 phase prior to passing the X-ray

transition point (3.49,52,178,277) j t WOUICJ therefore be expected that cells will gradually

pile up :ii G2. They will then be synchronously released from the G2 block (143). This

indicates that the maximal accumulation of cells in G2 would occur after the length

of one cell cycle, or more accurately, after TC-TG2-

The Tc of the investigated tumours varied between 20 and 50 hours and the

maximum accumulation time between 30 and 40 hours. It was concluded that the

accumulation time correlated with Tc but was not equal to it. If the same relationship

holds for other tumours, however, the G2 accumulation time could be predicted from

Tc measurements.

From the experiments described in Chapters 3 and 5 it was concluded that after

single doses, the maximal accumulation of cells in G2PF and radiosensitivity were

related. In contrast to results obtained after single dose irradiation, it was concluded

from Chapters 4 and 5 that the increase in G2PF could not be used as a measure of

sensitivity of tumours for a second dose, i.e. for split dose irradiations. These are

important points which will be discussed in detail below.
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6.4. ACCUMULATION IN G2: IMPACT ON

RADIOSENSITTVITY AND ON RESPONSE TO

SPLIT DOSE IRRADIATION

A. The extent of G-^F increase after single doses

The main conclusions drawn from the chapters that deal with single dose

irradiations were that G2PF increased in a dose-dependent manner, and that the

ranking in G2PF increase was related to the ranking of radiosensitivity of the tumours

as assessed by regrowth delay or by the dose to give a surviving fraction of 1%. It is

possible that in some tumours showing a large G2 accumulation, e.g., HeLa S3 and

NHIK, a proportionally large amount of DNA or chromosome damage occurred. The

extra load for their repair system may cause the irradiated cells to remain longer in

G2, while attempting to repair the damage before entering the next mitosis. Causal

relationships between division delay and radiosensitivity have been suggested. It was

postulated that delayed cells have an advantage for survival as they are provided with

more time to repair the sublethal damage (60>188,23î 92) others claim the two

phenomena to be independent (eg-.159.257-268). Alternatively, these cells may have an

impaired or damaged repair system. The nature of the molecular mechanism

determining the extent of the accumulation maximum is not known. Whatever the

mechanism, the present data suggest the possibility that the increase in G2PF could

serve as an assay of radiosensitivity. Higher G2PF values observed after a given initial

0 8 - GF

0.6-.

0 4 * •

Figure 6.1. Relationship between the growth fraction and

the relative increase of cells in G2PF after a single

-»• - I - •:10 20 30 40 50
A G2PF (7.)

irradiation dose of 10 Gy.
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radiation dose may then be indicative of a better tumour response.

The percentage of cycling cells, defined as the growth fraction (GF), was also

found to be a determinant of the extent of accumulation (117). It was found that in

cells irradiated in vitro, all cells in the exponential growth phase (thus GF = 1.0)

accumulated in G2. After irradiation in vivo, however, many cells, presumably non-

proliferating, were still detected in the GQ/GJ compartment by flow cytometry, at the

time of maximal accumulation. This finding supported the observation that the amount

of cells that could be arrested in G2 is proportional to the amount of S-phase cells

before irradiation ^92\ This observation is not supported by the results presented in

this thesis. The finding that the accumulation of cells in G2PF plateaus at higher

irradiation doses (142.296>297) also implied that the percentage of cells blocked in G2

is limited by the size of the growth fraction. This could again be inferred from the

results of Cao et al. <29"31) and Skog et al. (232>.

In the tumours investigated in the present work, GF and the accumulation

maximum of cells in G2 phase after 10 Gy showed a weak or no correlation

(correlation coefficient only 0.36), as shown in Figure 6.1. Whether this correlation,

or lack of it, will occur in patients is not known. This is an important point since

human tumours have been shown to have lower growth fractions. For example, when

data of tumours from 257 patients were analysed t262), it was shown that GF of

adenocarcinomas, mesenchymal sarcomas and squamous cell carcinomas ranged from

0.06 to 0.25.

It is concluded that both dose (Chapter 3 and 5) and dose rate are of importance

in determining the maximum of the block (e-g-.i347,i6i-i63)̂  ^ w ey a s Qp an£j t n e

repair rate of the tumour cells. Data on the extent of accumulation of cells in G2PF

in tumours in vivo are not numerous. The reports can be divided into studies in which

changes in the mitotic index (MI) alone were measured, or studies in which changes

in cell kinetics were measured by means of flow cytometry. This distinction may be

important since it was found that the time for the ME to return to control values after

irradiation was shorter than the time during which G2PF was elevated C207). From this

study it was concluded that the proportion of cells that were not reflected in changes
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TABLE 6.2. Changes in G2PF after a given irradiation dose in tumours grown in vivo.

Tumour type

Ehrlich ascites
tumour

R l rhabdomyo
sarcoma

KHT sarcoma

Walker
carcinoma

R1H rhabdomyo-
sarcoma
Walker 256

E0771

Bp8 ascites

coloncarcinoma
xenograft

HeLaS3
xenograft

melanoma
xenograft

Ehrlich
ascites cells

NHTK
HeLa
HeLaS3
Mel80
A431
HX156

Dose
(Gy)

9

12 °y*.*
6.4 Gy**

35 Gy

9

4.25

4.25
9
4.25

5
8

5.7

10***
10****

0.7
2.8
7.4
14.5

5

10
10
10
10
10
10

control

28%

18%
20%

5%

10%

8.8%

10.6%
13%
14.7%

10%
10%

125%

5%
5%

5%
2%
5%
5%

17%

145%
117%
8.9%
11.6%
145%
105%

G2PF
irradiated

96%

37%
30%

50%

48%

18.5%

34.4%
48.0%
36.4%

50%
50%

40%

35%
75%

10%
20%
22%
20%

33%

60%
40%
40%
24%
34%
24%

Source

Gohde ( M )

Ka l ( 1 1 7 )

Raju (1 9 6)

Linden et al. (1 3 2)

Zywietz and Jung (296>297)

Cao et aL (3 1)

Spang-Thomsen C234)

Iwata and Sasaki (1 1 2)

Spang-Thomsen (2 3 5)

Skog and Tribukait i232)

This thesis (HDR)

* At a dose rate of 0.75 Gy/h
• • At a dose rate of 0.40 Gy/h
•• • At a dose rate of 055 Gy/h
• • • • At a dose rate of 0.37 Gy/h
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in MI might be predominant in predicting how the population would respond to a

second irradiation. For that reason and the fact that FCM was used in the present

study, the review in Table 6.2. was restricted to cell kinetic data obtained on tumours

by FCM measurements only. Although different doses were found to induce different

extents of accumulation, it was concluded that if radiation alone was used as the

"blocking" agent, it was possible to block cells in G2 to up to 96% after 9 Gy for

ascites tumours ^ \ and to 50% after 3.5 Gy in solid tumours (l96\ For comparison,

a block up to 80% after 6 Gy was found using the MI technique (247X The mean

G2PF increase in the referred studies was 4.2% (±2.8)/Gy, i.e. 42% after 10 Gy.

B. The importance of GJPF in split dose experiments

Radiation-induced redistribution of cells through the cell cycle was postulated to

be the cause of a temporarily increased radiosensitivity of the irradiated population

in vitro (59\ This phenomenon was also found to occur in normal tissues

(63,150,255,281,282) ^ t n e p r e s e nt investigations, it was tested whether the synchronizing

effect of radiation would influence the radiosensitivity of tumours to a second dose.

The dependence of response of irradiation on the timing of the interval was tested

in three human tumour xenografts. In the split dose irradiations in vivo, the

differences in effect between the different irradiation intervals were apparent in both

NHIK and HeLa tumours. The shorter irradiation intervals for HDR irradiations (6

and 40 hours) resulted in longer growth delays and more cures than the longer

intervals (80 and 120 hours), but no evidence was found to conclude that cell kill was

enhanced only in those intervals where an increased G2PF occurred due to the initial

radiation dose (e.g., after 40 hours). From the similarity of the 6 and 40 hours

responses, it was concluded that differences in recovery (e.g., repair rate) may have

played a role and therefore that differences in radiation-induced redistribution of cells

into radiosensitive cell cycle phases could not be completely ruled out.

Split dose experiments ( 2 x 5 Gy) were also performed with 3 of the 5 cell lines

cultured in vitro (NHIK, HeLa and HeLa S3), using different time intervals from 0-
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45 h. It was found that a major reduction in survival, related to an increase in G2PF,

was only observed in NHIK tumours, being approximately 0.75 decade compared with

the surviving fraction after a single dose (10 Gy). Although accumulation in G2PF

after the initial dose of 5 Gy was in the order of 30-40%, no general relationship was

found between the extent of killing in the split dose experiments and the extent of G2

arrest.

In Chapter 5 we compared G2PF and response in a correlation plot (Figure

5.5.). The same analysis could be performed with the data obtained from the split

dose irradiations in vivo, described in Chapter 4. SGD data (not including cures) were

drawn as a function of the G2PF changes seen in the kinetic experiments of Chapter

3. All data sets, for the two tumours and the two dose rates, are shown in the upper

panel of Figure 6.2. The data for SGD were scattered and a correlation between

G2PF increase and SGD was clearly absent. When the percentage of cures was plotted

as a function of the G2PF increase, (middle panel of Figure 6.2.), the correlation

coefficient of G2PF increase versus cures was for NHIK tumours 0.39, (HDR

irradiation) and -0.90, (LDR irradiation), and for HeLa tumours 0.80, (HDR

irradiation) and 0.99 (LDR irradiation). The importance of "interval" was also

investigated by the Cox analysis. It was found that the prognostic value of this

parameter was low (p = 0.0178) as compared with other prognostic factors. When all

data were evaluated simultaneously, risk factors of each interval, dose rate and tumour

type could be calculated in relation to the effect of NHIK tumours after HDR

irradiation with an interval of 40 hours. These risk factors, comprising information on

SGD and on the percentage of cures simultaneously, were plotted as a function of

G2PF increase in the lower panel of Figure 6.2. Again, the correlation between the

two parameters was low or absent (-0.35 and -0.42 for HDR and LDR irradiation

in NHIK tumours, and -0.38 and -0.93 for HDR and LDR irradiation in HeLa

tumours). An important point to stress is that no general linear relationship was found

between the increase in G2PF and any of the endpoints used (except perhaps for the

percentage of cures in HeLa tumours), a relation that would be expected if the

hypothesis tested in these experiments was valid. In principle, however, such a
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relationship would not be expected to exist between the percentage of cures and G2PF

increase, since proliferation between fractions will influence the chance of cure.

Proliferation will be greater for longer fraction intervals and may become more

important than cell kinetically induced changes in response, i.e. synchrony.

SGD
30- •

20- o

10-

80- */. cures
O

60-.
o

40-

20- •

10- - r Q

8- r isk factor

.1
I \

• i — '—i—i—i 1 1-
0 10 20 30 40 0 10 20 30 40

A G2PF

Figure 6.2. Relationship

between SGD (upper panel), %

cures (middle panel) and risk

factors (lower panel) obtained by

statistical analyses (see Chapter 4)

after split dose irradiation, and

the increase in G2PF after a

single dose of 10 Gy.

The worse response with the 80 and 120 h intervals compared with the shorter

intervals could be interpreted as indicating significant proliferation during these

intervals. If so, a difference between the 6 and 40 h intervals due to proliferation

might also be expected. The lack of a difference would then indicate that other

radiobiological factors counteracted this proliferation. One possibility, on the basis of

time available for repopulation, is that the 40 h response is higher than expected, due

to induced synchrony. Due to the lack of direct evidence concerning proliferation

during the interfraction intervals, this possibility remains unproven.
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It should be noted, however, that proliferation is not expected to influence the growth

delay assay in which, again, no correlation was observed between G2PF and response

(Figure 6.2.). It is therefore concluded that although synchrony may have played a

role, the present data could not confirm the proposed hypothesis concerning optimum

timing of a second radiation dose.

Although the higher susceptibility of G2 phase cells to irradiation is widely

recognized (see Chapter 1), this phenomenon has been mostly investigated using

synchronous cells obtained by mitotic h zesting C249-250) and synchronising methods

(157,206,210) (Qtfjgj- t n a n irradiation). The susceptibility of cells and tissues to a second

dose of irradiation, synchronized by a first dose of irradiation itself, has received less

attention. Results of the few studies on cells cultured in vitro, on experimental

tumours, and from the clinic are discussed below.

In vitro studies

The time of maximal accumulation of glioblastoma spheroid cells G2 phase was

found at 10 hours after a first dose of 4 Gy (37%) (-n5\ Furthermore, growth delay

was enhanced and surviving fraction decreased in the spheroids when a split dose

irradiation ( 2 x 4 Gy) with an interval of 10 hours was applied compared with other

fraction intervals. It was concluded that this effect was the result of X-ray-induced

redistribution. Prevot synchronized L-929 cells through 8 doses of 0.25 Gy (193\ A

subsequent dose of 2.5 Gy after 3 hours to the synchronized cohort of G2 phase cells

was found to be more effective than a dose after 5 or 24 hours. The possible

influence of SLD repair in this study was ignored, however.

Three other studies have used high LET irradiation or chemotherapeutic agents

to synchronize cells. In a study on asynchronous V79 cells, exposure to an initial dose

of high-LET irradiation resulted in the enriched G2 population being more sensitive

to a subsequent X-ray dose (17°). The reverse sequence was found to be less effective,

due to differences in cell cycle perturbations between high and low LET exposures.

Keng et al. (122) failed to prove that the time dependent BCNU-radiation interaction
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reported earlier for cultured 9L cells (275) was due to BCNU synchronising 9L cells

in a more radiosensitive stage of the cell cycle, since no significant cell-age response

to irradiation was observed. In a study on Ehrlich ascites tumour cells, the potential

of synchronising cells for irradiation by 5-FU was investigated. Continuous infusion of

5-FU resulted in a doubling of the extent of S-phase cells, which synchronously moved

into G2 phase after release of the block. The radiosensitivity of the thus synchronized

population was increased compared with that of the other intervals, provided that the

optimum time i.e. the time of maximal accumulation of cells in G2+M phase, was

chosen for irradiation. However, no data were given on what this time was (222).

Studies on tumours

Data on solid tumours are even more limited. The effects of split dose

experiments using 2 x 2.5 Gy at intervals of 3-48 hours in Bp8 mouse ascites sarcoma

growing in vivo were compared with the effect of a single dose of 5 Gy W. The

importance of repopulation and reoxygenation in the ascites system was considered to

be low. The authors concluded that the influence of redistribution, i.e. when a second

dose was given at the moment of increased G2PF in the tumour cells (29% at 24

hours), did not result in an increased survival of the animals. In reports mentioned

in Chapter 1 C23-256) it was demonstrated that maximal effect of fractionation schemes

was found when intervals were adjusted to the moment of maximal MI, i.e. just after

the release of cells from the G2 block.

Clinical studies

"Synchronization radiotherapy" was applied in different forms in cancer treatment

during the seventies ^see 86.93»171-173^69^70). Typically, a cytostatic or cytotoxic agent is

used prior to radiotherapy in an attempt to synchronize the cells in a radiosensitive

phase. Although some positive effect was seen in the studies of Esser (67) and Ammon

et al. (2\ the overall conclusion in the 1970's was that "synchronization therapy" was
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ineffective. In the case of combined therapies, the additive effects of cytostatic drugs

and irradiation were thought to be of more importance than redistribution effects

(96,259)̂  a s wejj a s i^g effects of a n altered recruitment (28). Some of the negative

conclusions, however, were drawn from studies which lacked any check of individual

cell kinetic data. In none of the clinical studies mentioned above individual cell kinetics

were monitored during therapy, except in the studies of Esser (67X In the study of

Noorman van der Dussen (174\ in which individual kinetics were monitored, a high

G2PF during therapy was predictive of a high probability of a local control. It is

possible that in the synchronization therapy studies, where cell kinetics in individuals

were not carried out, the time intervals were incorrectly chosen so that there was no

significant G2 increase at the time of irradiation. The lack of relevant cell kinetic data

may therefore have negatively biased the evaluation of the early trials of

synchronization therapy.

6.5. ASSUMPTIONS INVOLVED IN PREDICTING ENHANCED

RESPONSE FROM FRACTIONATED RADIOTHERAPY

Synchronization therapy is based on giving subsequent radiotherapy fractions at

the time of maximum G2 accumulation resulting from the previous dose or doses of

radiation. In designing such schedules, the following assumptions are made.

1. Increased response is dependent upon the relatively high radiosensitivity of G2

phase cells.

2. The degree of synchrony is high.

3. Cell cycle distributions of the clonogenic (surviving) cells are the same as the

total population.

4. The surrounding normal tissue must show different cell kinetic changes.

5. The fixed (cell-kdnetically-based) time interval remains relevant for 30 fractions.

Each of these points will be discussed below.
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1. Increased response is dependent upon the relatively high radiosensitivity of G2

phase cells

Age responses have been investigated on synchronous cell populations. The

classical age response for donogenic survival, determined using HeLa S3 cells, follows

a pattern in which two peaks of radiosensitivity and two periods of radioresistance

were seen (25°). As reviewed by Sinclair (231\ cells having a short Gj phase period are

most sensitive in mitosis and G2 (
23°) and show increasing radioresistance in late S.

In cell lines with a relatively long Gj, such as the HeLa S3 cells C5^250), there is also

a resistant period in Gj, followed by a period of relative sensitivity at the Gj/S border.

This pattern was also observed by others investigating HeLa cells and for EMT6 cells,

which also had a longer G1 phase (124\ The sensitivity of the overall population at

high radiation doses will be determined by the most resistant cells in the population.

This will be S phase cells in cell lines with a short G1 (230>. In slowly growing cell

lines with a long Gj C87-250), it may be the resistant G1 cells that determine overall

radiosensitivity. This may be the predominant factor in tumour cells in vivo.

In survival curves obtained from synchronized CHO cells t230) Do values for Gj,

S and G2 were found of 2, 1.55, and 1.33 Gy, respectively. This relation is the most

widely used standard for cell age related sensitivity, although many differences in cell

age response for different cell types have been found f122'123'250).^ addition,

differences in cell survival between the cell cycle phases become less prominent at

lower dose levels, especially for low LET radiations.

We have made calculations using survival curve characteristics based on results

obtained from the literature in order to obtain a better insight into the impact of the

different sensitivities of the different cell cycle phases on synchronization therapies.

The single-hit multi-target model was used to describe the survival curves. To test the

assumption that the sensitive G2 phase cells determine overall response, the effects of

synchronization on four hypothetical populations with cells of different age responses

were estimated. Three different model populations were used, which had the following

age distributions for Gj, S, and G2 respectively: population A; 70:20:10 ("normal"),
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Figure 6.3. Survival curves of three populations with different cell cycle distributions. Ratio of G^S

phase is 70:20:10 for population A, 20:10:70 for population B and 20:70:10 for population C. Survival curves

of lines characterized by different cell age responses are d<awn (see Text).

population B; 20:10:70 (large G2 block) and population C; 20:70:10 (large S block).

Using the model we were able to construct survival curves for each of the populations

A, B, and C, based on the individual sensitivities of the cell cycle phases. In Figure

6.3.a such populations are shown for a typically G2 sensitive line f88 m 230\ in Figure

6.3.b for a typically Gl resistant line (as A431) ^i23\ in Figure 6.3.c for a line in

which practically no differences in sensitivity between the cell cycle phases could be

observed (as Mel80) (123) and in Figure 6.3.d for a population containing S phase

sensitive cells &* 2S0\ The values for the corresponding surviving fractions at 2 Gy
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were listed in Table 6.3. In this table survival differences between the populations,

horizontally, should be compared instead of the absolute values of survival. It was

shown that in the situations drawn in Figure 6.3.a and b there was a marked

difference in survival at 2 Gy between the standard population A and the G2

synchronized population B, whereas this difference was smaller in the populations

shown in Figures 6.3.c and d.

Differences in SF for these lines at this dose level were maximally 0.1 decade.

The differences in surviving fractions after 2 Gy will be amplified in conventional

dose fractionation procedures (e*«34). If each 2 Gy dose of a course of 30 fractions

of radiotherapy produces a surviving fraction SF2, then, provided repopulation does

not play a role, the overall level of cell kill will be:

Overall cell kill = (SF^30 (1)

This also assumes that reoxygenation is complete. The value determined by equation

1 will therefore be the lower limit of survival to be expected theoretically, i.e. the

true value in tumours may be higher due to repopulation and incomplete

reoxygenation.

The surviving fractions after 30 fractions for the three populations in the four

situations with different cell line related age responses are given in Table 6.4. From

these calculations, it is clear that maximal effects are expected in cell lines with a

radiosensitive G2 (see Figure 6.3.a), in which a change from population A (standard

distribution) to population B (large G2 block) gave surviving fractions that differed by

two decades (cell line 1, Table 6.4.). From the results with the cell line with sensitive

S phase cells (see Figure 6.3.d) it was concluded that the change in surviving fraction

was not the effect of a large proportion of sensitive cells in a population, but rather

the extent of decrease of the resistant population that determined the difference in

response.

From an examination of the survival curves shown by Terasima and Tolmach

(250) and Sinclair and Morton ^230\ it can be concluded that differences in sensitivity
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TABLE 6.3. Comparison of radiosensitivity of cell populations with different age distributions and intrinsic
sensitivities of cell cycle phases.

Surviving Fraction at 2 Gy 0 )

Cell Line Population A Population B Population C
Normal G 2 block High S

cell line 1
(G 2 sensitive)
cell line 2
{Gy resistent)
cell line 3
(almost flat
age distribution)
cell line 4
(sensitive S)

".711

0.874

0.922

0.591

0590

0.827

0.925

0.559

0.739

0.762

0.920

0.558

1. Calculated using SF= e(-D / D 1> x (l-[l-e(-D / D 0)]n)
2. Populations A, B, and C differ in their cell cycle distributions.

The percentage of cells in Gj , S, and G 2 +M phase are:
Population A: 70:20:10%, Population B: 20:10:70%, Population C: 20:70:10%

3. The cell lines differ in sensitivity. Cell line 1 is characterized by a relatively sensitive G 2 phase,
cell line 2 has a resistant Gj phase, in cell line 3 no major differences were observed in sensitivity
between the cell cycle phases, cell line 4 is characterized by a relatively sensitive S phase.

The values for
Line 1:

Line 2:

Line 3:

Line 4:

G l :

S:
G2:
G,:
S:
G 2 :

G j :
S:
G2:
G i :

S:
G2:

DO,
2.0,
2.4,
1.55,
13,
1.1,
1.0,
1.4,
1.3,
1.5,
1.7,
1.21,
1.64,

Dl and r-
2.88,
7.3,
2,4,
16,
6.6,
7,
24,
20,
20,
8.7,
4.8,
11.3,

1.9
2.2
2.1
13
5
12
8.5
10
8.5
1.4
2.2
1.0

between the cell populations were largely due to a change in the shoulder of the

survival curves. In the Sinclair data, the shoulder was absent in the G2 and M curves

and large (Dq approximately 7 Gy) for late S phase cells. This means that the

differences in dose for equal levels of survival will be greatest at low doses. The ratio

of Dj values of the populations of different cell age determines the overall response

of the population.
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TABLE 6.4. Comparison of surviving fractions after 30 x 2 Gy V) in cell populations with different age

distributions and intrinsic sensitivities of cell cycle phases ( >.

Surviving Fraction at 30 times 2 Gy

Population A Population B Population C

Normal

cell line 1 3.5xl0"5

(G2 sensitive)

cell line 2 1.7xlO"2

(Gj resistant)

cell line 3 8.8xlO"2

(almost flat

age distribution)

cell line 4 1.4xlO"7

(S sensitive)

G2 block

1.5xlO"7

3.3xl0"3

9J5xl0-2

2.6X10"8

High S

l.lxlO"4

2.8X10"4

8.3xlO-2

2.5X10-8

1. Calculated using SF= e ( - D / D 1 ) x (l-[l-e(-D / D 0)]n) and SF 3 0 =(SF2)30.

2. Composition of populations A-C and cell line characteristics are the same as described in Table 6.4.

Changes in those parameters result in changes in survival of a population mixture. At

higher doses, the Do of the more resistant populations would dominate survival. This

is in agreement with views regarding clinical fractionation schemes, where it has been

stressed that the initial slope of the survival curve might be of particular importance

to the final outcome of therapy ^ 1>62\ Differences in the initial slope of the oxic

survival curve have been proposed as being the most useful parameter in classifying

tumour lines according to their relative radiosensitivity (42>68\ Differences in Do of cell

populations of different tumour types were found to be small, and did not correlate

with response to therapy, whereas values of N were correlated with response (*2\ This

is also consistent with the shoulder region being the most important determinant of

response. At higher doses the slopes of all population mixtures run parallel, indicating

that the most radioresistant population determines the final slope of the survival curve.

It is concluded that the proportion of radiosensitive cells determine differences in

survival at low doses, but that at higher doses the more resistant cells will determine
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survival differences.

2. The degree of synchrony has to be high

Partial synchrony of mammalian cells in vivo has been described for normal tissue,

e.g., haematopoietic stem cells C75'264), intestinal crypt cells C83-283), epithelial cells

(281) and for tumours (eg-.118,196,201,202) ^ important observation in these studies was

that the cyclic fluctuations in radiosensitivity of surviving cells were seen for long

periods after irradiation, i.e. from about 8-24 hours (196\ to a few days t234). The

length of the G2 delay was also found to be dependent on radiation-type and

radiosensitivity. Long delays were observed after neutron irradiation (146>147) compared

with the effects after X-ray irradiation.

It is concluded that cells can be accumulated in G2PF to a large extent by

irradiation with higher doses (see Table 6.2.). It is of relevance, however, to turn the

attention to the size of the accumulation maximum after clinically relevant doses of

2 Gy (or lower doses for hyperfractionation). For the dose of 2 Gy it was suggested

that redistribution was important in the response of the testis to irradiation (286\ This

was also found after HDR irradiation in melanomas ^235\ and in cells cultured in vitro

after LDR continuous irradiation at clinically relevant doses (293>294) -^ ^ present

experiments it was found by extrapolation, that a dose of 2 Gy HDR irradiation gave

an increase in G2PF up to 30%. When the literature values given in Table 6.2. are

taken into consideration, it cannot be expected that at clinically used doses, G2PF-

values will exceed 30-40% after a single fraction.

Using the same model as described in the previous section, the theoretical

differences in surviving fraction of such a cell cycle redistribution can be calculated.

The G2 sensitive cell line, drawn in Figure 6.3.a, is taken as an example. A cell cycle

distribution with a ratio of 40:20:40 for Gp S and G2 phase, respectively, would result

in an SF2 of 0.65. The effect of 30 fractions would then give surviving fractions of 3

x 10"6 compared with a non-redistributing population (population A) of 3.5 x 10'5

(Table 6.3.). This shows that the surviving fraction is only decreased by approximately

one decade by the induced synchrony. It is concluded that the effects of redistribution
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of cells into radiosensitive phases are measurable at a degree of synchronization of

only 40%, but, since the proportion of radioresistant cells will be relatively large, the

effect on overall survival will be small. This effect will be even smaller in cell lines or

tumours where differences in sensitivity between the different cell cycle phases are

smaller. For example, in the population drawn in Figure 6.3.C, (the SF after a series

of 30 x 2 Gy) the difference in surviving fraction between populations A and B will

be 0.3 decades. It should be noted that an assumption is made that after each

fraction, 40% of cells surviving the previous treatments are blocked in G2. It is

possible that the G2 accumulation may be greater after multiple doses of 2 Gy.

Other factors may alter the extent of synchrony, these will be discussed hereafter.

The proliferation rate of tumours was found to be very variable between tumours of

the same site or histology, but also within tumours O69-254). The cells within a tumour

were found to be heterogeneous with respect to many biological and physical

properties (91\ of which cell cycle time is one. The variety of cell cycle times within

a tumour could also be concluded from the damping of the second wave of PLM

curves shown in many studies made to determine the cell cycle time of tumours. The

extent of synchrony that can be reached when tumours growing in vivo are irradiated

is dependent on the variation of cell cycle times within the tumour. When there is a

wide range of cell cycle times, the synchrony at any one time cannot be very high.

This is of importance in human tumours, where the overall distribution of cell cycle

times is already much wider than in experimental tumours/^ 35»240'262)j possibly due

to a larger variety in clonal origins (175). Most authors conclude that the duration and

extent of synchronization in human tumours will therefore be lower than that in

experimental tumours or xenografts.

The range of cell cycle times is also due to different states of hypoxia in tumour

cells. The cell cycle in the center of the tumour was reported to be longer than that

in the periphery ("). It was suggested that the timing of synchrony might be different

in those zones. It was found that changes in LI and MI after irradiation of solid

EMT6 tumours occurred in parallel in regions bordering necrosis and in viable regions,

in spite of absolute differences in MI and LI in these regions
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The importance of the growth fraction of a tumour for the extent of

accumulation was discussed earlier. The fraction of Q cells in a tumour will influence

the extent of G2 accumulation. Cells from the Q fraction, however, can be recruited

into the cell cycle by the process of reoxygenation. As a consequence, the proportion

of cells recruited into the cell cycle, and therefore the increase in the G2 phase

fraction may increase substantially. This redistribution was also suggested to become

more important during the course of a fractionated treatment schedule for early

responding tissues with high cell turnover (29i\

From the above considerations, it is concluded that a degree of synchrony of 30-

40% in tumours might be large enough to exploit in attempts to improve the

therapeutic index, provided that the tumours have a relatively sensitive G2 phase. Even

after fractions of 2 Gy some enhanced effect due to redistribution will be seen. The

effects at the same level of synchrony will probably be less or absent in cell lines or

tumours containing fairly radioresistant Gj or S populations. After repeated irradiations

in fractionated therapy, quiescent cells may be recruited into cycling and the G2PF

increase may be somewhat higher than expected on the basis of these calculations

alone.

3. Cell cycle distributions of clonogenic and non-clonogenic cells are similar

From the reports cited above, it could be seen that cells can be blocked for a

relatively long time in G2. Raju et al. (196) stated that after 3.5 Gy, G2 phase cells

would be blocked infinitely, which implied that these blocked cells would not resume

proliferation, and therefore, would not be important for the outcome of therapy. Other

investigators have also expressed their doubt as to whether the G2-blocked population

contained viable and clonogenic cells. Studies on experimental tumours and cultured

cells in vitro showed that radiation-inactivated cells may pass through several cell cycles

before they die (178). Studies on proliferation kinetics of irradiated cells studied by

time-lapse microcinematography showed that most of the cells exposed to a moderate

dose (less than about 10 Gy) died after dividing at least once and that abnormalities

in cell division and prolongation of cell cycle times frequently preceded cell death (-215\
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These cells will still be detected by flow cytometry and other methods to investigate

synchrony. Skog et al., t232) were able to distinguish viable and non-viable cells after

irradiation. They found that the distribution and accumulation pattern of these non-

viable cells was not different from that of the viable cells. It was shown that during

the G2 block there are cells, however, that remain sensitive to a second radiation

induced delay (258). These cells were irradiated by the first dose while residing in the

first half of G2 phase. The proliferative activity of cells irradiated in vivo was

investigated by Pallavicini et al., (l79\ who found that at the moment of maximal G2

accumulation, the surviving fraction of G2 blocked cells was decreased by a factor 3.

It was concluded that the majority of G2PF accumulated cells had lost their clonogenic

potential. After high doses in vivo (20 Gy) it is not certain whether doomed cells will

divide one or more times. It was suggested t253) that these cells might provide more

differentiated cells for a tissue, but would not be clonogenic cells. From results

obtained from in vitro studies (170\ however, and from the results of some of the

studies cited under 6.4.b, it could not be concluded that the G2 blocked cells were

dead. The conclusion that G2 blocked cells are necessarily doomed cells may therefore

be premature. Because of the importance of this point for the application of

synchronization therapy, the clonogenic capacity of G2 blocked cells has to be a major

point of investigation in further studies towards the feasibility of cell-kinetically directed

radiotherapy.

The method presented by Rowley and Egger (210) was put forward as a potentially

useful tool to study the viability of G2 blocked cells after irradiation. In this method,

utilizing the mitotic selection technique after irradiation, cells are treated with caffeine

and shaken off after various time intervals. In this way, cells blocked in G2 by

irradiation (1.5-3.5 Gy) were released synchronously. The cells used in their study were

found to be representative, viable and to possess the repair capacities characteristic of

G2 phase cells.

4. The surrounding normal tissue must have different cell kinetics

The studies reviewed by Steel C240) on cell cycle times and related parameters in
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normal cells and their malignant counterparts showed that there was little evidence for

real differences. This was also found when the rate of cell production in human

gastrointestinal tract was compared with that of gastric carcinomas or colorectal

carcinomas. In fact, the cell production rate was found to be lower in the tumours

than in the normal mucosa (27>290). The measurements, however, did not define exact

cell cycle times in tumours and normal tissue. Later studies on the same tissue and

tumours revealed that cell cycle times in normal human bowel were approximately 84

hours, whereas preneoplastic lesions had cell cycle times of approximately 33 hours

(29l\ The same ratio between Tc of normal tissue and carcinogenically induced

tumours in the colon was found in experimental animals ^245\ Earlier, Lala (131)

reported that the average cell cycle time of tumours was generally shorter than that

of the tissue of origin.

Differences in cell kinetic parameters, other than cell cycle times, may also be of

importance in determining differences between tumours and normal tissues. The cells

that are generally considered responsible for late reactions after irradiation are very

slowly cycling and may remain in a quiescent state (Gj or Go like), as a consequence,

the whole population may be more homogeneous with respect to radiosensitivity, since

fewer cells will be in more resistant (S) or more sensitive (G^ phases of the cycle.

During fractionation treatment, if cells are cycling at all, they may be blocked in Gl

or G2. The normal tissue response will then be determined by the relative numbers

and the radiation sensitivities of the cells in these phases. Because of the relative

durations of the various cell cycle phases in slowly cycling cells (^sce e-g»46.145) t ft was

anticipated that most of the critical normal tissue cells will be blocked in Gl rather

than G2, so in a phase in which cells are more radioresistant. For example, slowly

proliferating plateau phase cells in culture were found to be blocked in Gj/S border

rather than in G2 phase <167l The late reacting normal tissue cells will be less rapidly

sensitized by redistribution, and as a consequence, will give less severe late reactions

at a given level of tumour control ^286\ This could result in an apparently higher

resistance of the slowly dividing (normal) tissues, relative to that of tumours, and

hence, to a therapeutic gain from fractionated irradiation. On the other hand,
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redistribution could also be expected to cause some self-sensitization in proliferative

normal tissues, increasing the severity of damage in the acutely reacting normal tissues
(252,286)

Zeman and Bedford attempted to explain isoeffect doses of altered fractionation

schemes made by other authors in terms of the impact of redistribution during

fractionation ^293\ Thames t251) explained the fact that isoeffect curves of total dose

versus dose per fraction are steeper for late responding tissues than for early

responding tissues from the view of different intrinsic radiosensitivities, or differences

in a/3 ratio. He stated that, if proliferation was not a factor, the iso-effect doses

increase with decreasing fraction size (so increasing number of fractions) on account

of repair, and this increase would occur faster in tissues with target cells that show

a curvier survival curve (late responding tissues with low a/0 ratio's). Zeman and

Bedford added the interpretation that cell cycle redistribution perhaps coupled with

stimulated recruitment of Go cells into cycle, influenced the iso-effect curves to a

greater extent for early effect target cells (heterogeneous in sensitivity) than for late

effect target cells (homogeneous in sensitivity). The reaction of tumours would be

more like that of early responding tissues.

It is likely that differences in cell cycle time and growth fraction between tumours

and late responding normal tissue are large enough to avoid problems of enhanced

radiosensitivity during fractionation by redistribution of cells in these normal tissues.

5. The fixed time interval has to remain relevant for 30 fractions

Acceleration of growth rate of tumours after the start of a fractionation series

may occur through a decrease in Tc or an increase in the probability of self-renewal

t253), i.e. a growth fraction increase. In clinical studies, where large series of fractions

were used, it was found that increasing overall treatment time, decreased tumour cure

rate, possibly indicating acceleration of growth during the fractionation schedule

(104,148) jius acceleration of growth did not necessarily indicate a shortening of cell

cycle times, as could also be deduced from the results reviewed by Denekamp (4S) who

mentioned only two out of ten studies in which shortened cell cycle times were
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noticed (98>183). A shortening of Tc after higher irradiation doses was also reported

for melanoma xenografts t235). An increased cell cycle time after irradiation, however,

was also found W^W).

Through the processes of reoxygenation and consequent recruitment of cells,

(mentioned under 4), tumours may achieve a narrower distribution of cell cycle times

(235) j n e n a r r o w i n g of xc distributions was interpreted as a possible advantage in the

planning of cell kinetically-directed fractionation schemes, since kinetically more

homogeneous populations would result from the initial dose(s). The changes in cell

kinetics described above do not suggest significant alterations in the pattern of G2

accumulation to occur, however, no conclusive statement can be made on the basis

of these Gndings. The question could also be viewed from the other angle, in which

case the influence of redistribution in reports of existing fractionation schemes is

evaluated.

Such an analysis on the importance of redistribution of cells during longer

fractionation schemes was made by Zeman and Bedford (293\ dividing the reactions

into two types. Cells proliferating during the radiation course would become

increasingly resistant, as was also shown more recently in V79 cells, where

fractionation treatments became increasingly less effective at later times in the

treatment regimen, due to the increasing fraction of resistant S-phase cells

accompanying repopulation (55\ In systems where cell proliferation is halted due to

irradiation, cells might increasingly redistribute into more sensitive phases during the

course of therapy. It was suggested that if the irradiated population was initially

heterogeneous, in terms of radiosensitivity, but the fractionation scheme is such that

further cell division is halted, the intrinsic radiosensitivity of the target population may

play a more important role in overall response than cell proliferation (127).

From theoretical modelling ^293^ and from results on low dose rate irradiation

it was concluded that redistribution is a factor which does influence time-dose

relationships in radiotherapy. Investigations on the importance of redistribution and

the timing of intervals in longer fractionation series should be put to the test,

however.
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It is concluded that during fractionation schemes where proliferation is a factor,

changes in cell cycle times may be of minor importance, in other cases, tumour cells

may be blocked for relatively long times, and redistribution may play a larger role in

enhancing cell kill. The latter situation should be aimed at in directing cell kinetically-

based interfraction intervals.

In summary, there are factors that could be used to argue against the feasibility

of synchronization therapy. Firstly, the fact that the response of (partly) synchronized

cells to a second dose of irradiation may be determined largely by the population of

resistant cells. Secondly, in human tumours, especially hypoxic tumours or tumours

with a low GF the degree of synchrony may be low. It is thought that a degree of

synchrony of minimally 40% should be achieved to be able to detect differences in

effect. This may not be possible in human tumours with low growth fractions.

Other factors can be put forward to support the rationale of synchronization

therapy. Firstly, the difference in cell kinetics between tumours and late reacting

normal tissues may enhance the therapeutic index. Secondly, repeated fractions may

enlarge the extent of the G2 blocked cells due to recruitment of resting cells into

cycle. Thirdly, differences in sensitivity of cells of different cell ages are most

prominent at the doses used in clinical fractionation schemes.

Conclusions

From the present study two cell kinetic parameters can be put forward which

are of possible value for cell kinetically directed therapy. Firstly, the length of the cell

cycle time may be indicative of the timing of maximal accumulation and so for the

determination of interval times. Secondly, the increase in G2PF may be a parameter

to predict intrinsic radiosensitivity of the tumour line.

Survival in the split dose experiments investigated in this study was probably

determined primarily by the percentage of relatively radioresistant cells (e.g., S phase

cells), or to the fact that cells blocked in G2 were no longer proliferative since large
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radiation doses were used.

Future studies on synchronization therapy should concentrate on two factors.

Firstly, it should be tested in a variety of systems whether the cells blocked in G2

are as viable as those in other phases of the cycle. Secondly, it should be tested,

again in a variety of tumour systems, whether the degree of synchrony in multiple

fractions of low doses of X-rays (e.g., 2 Gy) achieves levels as high as, or higher

than those after single high radiation doses. The results presented in this thesis could

not confirm the value of synchronization therapy but this may have been due to the

relatively high test doses of radiation used. These studies should ideally be extended

to fractionated treatments and include the use of cloning and sorting methods to

distinguish viable from non viable cells in different phases. The few reports avaUable

in the literature on cell kinetically-directed fractions are in fact encouraging further

investigations into the therapeutic possibilities of synchronization therapy.

152



Chapter 7

SUMMARY AND CONCLUSIONS
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SUMMARY AND CONCLUSIONS

In this thesis, the phenomenon of radiation-induced synchronization of cells into

the radiosensitive G2 phase of the cell cycle and the exploitation of this phenomenon

to enhance the efficacy of fractionated radiotherapy was investigated. A nude mouse

model was used to investigate the cell kinetics of 6 human xenotransplanted tumours

before and after irradiation. In the second part of the investigation it was tested

whether split dose irradiation intervals, based on cell kinetic data of the tumours (i.e.

timing of maximal accumulation of cells in G2) would result in an enhanced response

compared with those at non optimal intervals.

In Chapter 1 the theoretical and experimental background for these studies was

described, concentrating on the cell kinetic and radiobiological phenomena involved.

These included fundamental aspects of cell killing by radiation, the measurement of

cell kinetic parameters, early attempts at synchronization therapy in the laboratory and

in the clinic, and lastly, the approach and goals of the present study.

In Chapter 2, cell kinetic and histologic parameters of six xenografted tumours with

volume doubling times ranging from 6 to 43 days were investigated. Ts, Tc, O, and

T ^ were determined by semi-continuous 3H-TdR labelling and autoradiography in 3

cervix carcinomas (NHIK, HeLa and HeLa S3). Tc-Ts values were determined in areas

of maximal labelling (fast proliferating populations) and minimal labelling (slowly

proliferating populations). Ts was also determined by this method but with less

accuracy, as could also be deduced from the large errors. Cell cycle times, Tc,

determined from the continuous labelling curves were found to vary between 30 and

40 hours in these tumours.

Data on Ts and LI were also determined using BrdU labelling of these tumours

and on three additional human tumour xenografts (Mel80, A431 and HX156). LI and

Ts were determined using a single sample method, and from these data T-^ was

estimated. T-^ values were slightly longer than those obtained from the tritiated

thymidine method due to differences in both LI and Ts estimates and the experimental

approach.
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A third method used to obtain cell kinetic data for all 6 tumours involved

multiple sampling after pulse labelling the tumour bearing animals with BrdU. Tc was

determined by fitting the percentage of BrdU labelled cells observed in mid-Gl5 mid-S,

and mid-G2 windows to a curve describing a damped oscillator. It was not possible to

determine Tc in all tumours by using a single window type, due to data scatter. Data

obtained via the mid-S or mid-G2 windows generally had the smaller errors and

therefore data obtained from these were concluded to be the most reliable. The mid-S

window was thought to measure changes in cell kinetics the most accurately, since it

was the smallest time window. Generally, cell cycle times obtained by the BrdU

method were longer than those observed in the tritiated thymidine method. A possible

explanation is that with 3H-TdR labelling, areas of a high proliferative activity were

selectively counted, whereas in the BrdU method an average Tc is obtained.

Using the data obtained on Ts, Tc, T ^ and LI by either method, growth fractions

(GF) and cell loss factors (4>) of the tumours could be estimated. Values of GF varied

from tumour to tumour, i.e. from approximately 0.3 to 0.8. Cell loss factors varied

from 0.4 to 0.9. Since the BrdU data provided a complete set of data for all 6

tumours, and the errors were smaller, the BrdU data were chosen for use in the

comparisons made in the following chapters. In general, it was concluded that the

BrdU method had more advantages, since the use of a radiolabel is avoided and

there is no time delay for development of autoradiographs or scoring with the

microscope. The method is also statistically superior, since larger numbers of cells are

analysed per data point.

In Chapter 3, cell cycle perturbations after either high dose rate (HDR) or low

dose rate (LDR) irradiation were studied in six different xenografts by flow cytometry.

A dose-dependent increase of cells in the G2 phase (G2PF) was noticed in all tumours

after HDR irradiation, and in 4 out of 5 tumours after LDR irradiation. The timing

of maximal accumulation did not relate to dose, but was related to the length of the

cell cycle. Tc was in fact the only cell kinetic parameter which could approximately

predict the timing of the redistribution of cells in G2. The radiation-induced increase

in G2PF was substantial (between 30-60% after 10 Gy) and the synchronization effects
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were observed over a period of approximately 100 hours. For clinically relevant doses

(2 Gy), a G2PF increase of maximally two times control values was estimated.

The ranking of the tumours according to radiosensitivity (based on specific growth

delay) and to relative G2PF increase were similar, indicating that G2PF increase

correlated with radiosensitivity for these tumours. It was therefore suggested that the

G2PF increase could be used as a predictor of tumour radiosensitivity.

The observed synchronization provided a basis for investigations into the timing of

fractionation intervals according to radiation-induced cell cycle synchrony in order to

enhance the effectiveness of radiotherapy. For this purpose, the dependence of

response of irradiation on the timing of the interval between doses was tested in three

tumours in vivo using split dose irradiations. These studies were described in Chapter

4.

A first dose of 10 Gy was administered by either LDR or HDR irradiation and

a second dose of 25 Gy was given after intervals of 6, 40, 80 or 120 hours by HDR

irradiation. These intervals represented the completion of SLDR (6 hours), the

maximal accumulation of cells in G2 (40 hours), a time of a lower G2 block (80

hours), and the time after which cells had apparently desynchronized (120 hours). A

pilot group was irradiated under ambient conditions, a second, larger, group was

irradiated while the tumours were clamped. With this hypoxic group, the most reliable

results were obtained due to better statistics and the exclusion of the radiobiological

factor reoxygenation.

In split dose irradiations under clamped conditions, differences between different

irradiation intervals were apparent in both tumours and after both dose rates.

Generally, shorter intervals (6 and 40 hours) gave a better response, i.e. longer growth

delays and more cures, than longer intervals (80 and 120 hours). Only small

differences were found in regrowth delays between HDR and LDR irradiation, given

as the first dose, in both tumours studied i.e. NHQC and HeLa. Generally, NHIK

tumours showed a larger response to split dose irradiations than HeLa tumours, which

was in agreement with their G2PF increase and their in vitro radiosensitivity. No

direct evidence was found, however, to conclude that cell kill is markedly enhanced
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at those intervals where an increased G2PF is found due to the initial radiation dose,

e.g., after 40 hours. Neither specific growth delay nor the percentage of cures

correlated with the increase of cells in G2.

These studies lead on to the question whether cells blocked in G2 phase by

irradiation are doomed, non-clonogenic cells. This was investigated in split dose

experiments in vitro in which clonogenic assays could be performed under well

controlled conditions. These studies were described in Chapter 5. Cell cycle

perturbations after single irradiation doses were first studied by FCM in five cervix

carcinoma cell lines. A dose-dependent increase in the fraction of cells in G2 (G2PF)

was observed after irradiation of asynchronous populations of the five lines, similar to

the effects observed on these tumour lines grown in vivo. The ranking of the tumours

according to their increase in G2PF after single doses was correlated with their

ranking according to radiosensitivity as assessed by a clonogenic assay, conforming to

the results on the same tumours irradiated in vivo.

Split dose experiments ( 2 x 5 Gy) were performed with 3 of the 5 cell lines using

time intervals between doses from 0 to 45 hours. An increase in killing at intervals

where the G2PF increase was maximal was only observed in NHIK tumours. Although

G2PF was elevated after the initial dose of 5 Gy to up to 30-40%, no correlation was

found between surviving fraction in the split dose experiments and the extent of G2

arrest.

In the split-dose experiments performed in this study, both in vivo and in vitro,

the effects of cell kinetically-directed fraction intervals were noticed, to some extent,

only in NHIK L-inours. This tumour also showed the largest accumulation of cells in

G2 after irradiation and was found to be the most radiosensitive tumour. With the

other tumours, the results were more variable, such that no overall advantage of cell

kinetic-scheduling was seen.

The relative lack of efficacy of cell kinetically directed therapy in the experiments

described in chapters 4 and 5 was thought to be due to one or more of the following

factors.

1. The induced synchrony at 40 hours in the in vivo experiments (the interval of
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maximal accumulation of cells in G2 phase) was insufficient to sensitize the whole

tumour, or the G2 blocked cells were doomed (non clonogenic) cells.

2. In the split dose experiments in vivo, the influence of repopulation was thought

to be important and may have counteracted the effects of redistribution.

3. The radiation doses used may have been too large. The response of the overall

population will be dominated by the most resistant cells at high doses and not

by the radiosensitive G2 cells, despite the relatively large increase in this phase

fraction. It was postulated, however, that a relatively small increase in

radiosensitivity due to redistribution, could lead to considerable differences in

survival, if repeated during 30 fractions with a low dose, e.g., 2 Gy. (See

calculations in Chapter 6).

The predictive potential of cell kinetic parameters for fractionated radiotherapy

The extent of the G2 biock was found to be correlated with radiosensitivity after

a single dose. The extent of accumulation could therefore theoretically be used as a

measure of tumour radiosensitivity. This use as a radiosensitivity predictor would have

no direct relevance, however, to the choice of a particular fractionation schedule. It

would rather act as a guide to the clinician in deciding the best form of therapy for

that patient.

A correlation was also found between Tc and the time of maximal accumulation

in G2 after irradiation. This suggests that Tc could be used to predict the maximal

accumulation time, either to use as the interfraction interval in a fractionation scheme,

or as the time for determining the extent of accumulation to use as a radiosensitivity

predictor as described above.

The extent of synchrony necessary for a successful therapy was also discussed.

Radiation-induced synchrony could only be exploited for individual cell

kinetically-directed fractionation therapy if the extent of G2PF increase is large

enough. Calculations suggested that this should be 30% or greater. Cell kinetics

therefore need to be monitored in individual patients during therapy to decide which

158



patients are likely to benefit.

Finally, the assumptions involved in designing a synchronization protocol were

discussed in chapter 6. The main assumptions are listed below.

1. Increased response effected by "synchronization therapy" is dependent upon a

relatively high radiosensitivity of G2 phase cells compared with cells in other cycle

phases.

2. The degree of synchrony achieved by irradiation has to be high (see above).

3. The post irradiation kinetics of surviving cells must be similar to that for the total

population, so that monitoring the latter provides representative information about

surviving cells.

4. The surrounding normal tissue must have different cell kinetics than the tumour.

5. The fixed (cell-kinetically-based) time interval between doses has to remain

relevant for at least the majority of the total number of fractions given (usually

30).

Conclusions

The experiments described in this thesis showed that radiation induced G2 blocks

could be induced in all cell lines studied, both in vitro or in vivo. This appears to be

an almost universal phenomenon, whether low or high dose rate irradiation is

employed. Furthermore, up to 60% of cells could be accumulated in G2 in human

tumours growing in nude mice, encouraging the attempted exploitation of this

phenomenon in solid tumours. The tests of synchronization therapy, however, proved

disappointing (with the possible exception of NHIK tumours), whether the experiments

were carried out on tumours in mice or on the same cell lines in vitro. The

phenomenon of redistribution after a first dose of radiation, and the associated

population radiosensitivity changes, are well described in the literature for a restricted

number of cell systems. It may be, however, that not all features of this phenomenon

are universal, e.g., there may be differences between cell lines in the age response

pattern, the viability of the G2 blocked cells, the kinetics of surviving and doomed
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cells, etc. Clearly more studies will have to be done before synchronization therapy of

the type described in this thesis can be accurately predicted and applied in the clinic.
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Chapter 8

SAMENVATITNG
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SAMENVATTING IN HET NEDERLANDS

In dit proefschrift worden de resultaten beschreven van een onderzoek naar

biologische effecten van bestraling, in de toepassing zoals gebruikelijk in de

radiotherapie, een van de behandelingswijzen van kanker. In het onderzoek is

voornamelijk gekeken naar het gedrag van tumorcellen in het doorlopen van de cel

delingscyclus, ook aangeduid met de term celkinetiek.

Cellen, dus ook tumorcellen, doorlopen voor elke celdeling een cyclus. Deze

celcyclus bestaat uit 4 fasen (zie Figuur 1.2): G1 fase (GjPF), S fase (SPF): waarin

de DNA-inhoud van de cel verdubbeld wordt, G2 fase (G2PF): waarin o.m. de eiwitten

worden aangemaakt die noodzakelijk zijn voor celdeling, tevens worden in deze fase

alle celorganellen verdubbeld in aantal, en de Mitose: de eigenlijke deling.

Wanneer cellen bestraald worden blijven ze vaak enige tijd geblokkeerd in G2

fase, in deze fase wordt de door bestraling opgetreden schade aan het DNA

gerepareerd, en worden de eiwitten die nodig zijn voor de celdeling aangemaakt.

Aangenomen wordt dat wanneer er veel schade aan de cel is opgetreden, de cel langer

in deze fase zal verblijven. Door dit proces verandert de onderlinge verhouding van

cellen in verschillende fasen van de celcyclus, dit wordt "rcdistributie" genoemd. Deze

redistribute is een van de 4 radiobiologische factoren die, naast de

stralingsgevoeligheid van de tumorcellen, een belangrijke rol spelen in de uitkomst

van een radiotherapeutische behandeling. De blokkade van cellen in G2 fase kan

worden waargenomen met behulp van flow cytomctrie, de methode gebruikt in dit

proefschrift.

Cellen die in G2 fase verkeren zijn relatief stralingsgevoelig. De combinatie van

dit gegeven, met het feit dat cellen gedurende enige tijd geblokkeerd zijn in de G2

fase na bestraling was de basis van de vraagstelling van dit onderzoek.

Hierin werd onderzocht of met behulp van de kennis van de celkinetiek van de

individuele tumor de ophoping van cellen in de stralingsgevoelige G2 fase van de
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celcyclus (met als gevoig een tijdelijk verhoogd aanbod van stralingsgevoelige cellen)

kon worden voorspeld. Tevens werd aangenomen dat deze redistribute van cellen kon

worden aangewend ter verbetering van gefractioneerde radiotherapie. De intervallen

tussen de verschillende fracties te geven in een klinisch bestralingsschema zouden dan

kunnen worden aangepast aan celkinetische parameters en met name aan het moment

van maximale ophoping van cellen in de stralingsgevoelige G2 fase. In het verleden

werd deze vorm van therapie al voorgesteld onder de naam "synchronisatietherapie".

Als modelsysteem om celkinetische parameters voor en na bestraling te bestuderen

werden menselijke baarmoederhaistumoren getransplanteerd op de naakte muis

gebruikt. In het tweede deel van het onderzoek werd onderzocht of intervallen in

split dose experimenten, (twee bestralingsdoses gescheiden door een bepaald

tijdsinterval) gebaseerd op celkinetische parameters van de tumoren of cellijnen (d.w.z.

op het tijdstip van maximale ophoping van cellen in G^ , meer effect te zien gaven

dan intervallen waarbij de ophoping in G2 niet optimaal was.

Bepaling van celkinetische parameters aan onbehandelde tumoren.

In hoofdstuk 2 werden celkinetische en histologische parameters van zes

getransplanteerde tumoren van humane oorsprong geinventariseerd. De tumoren

hadden volume verdubbelingstijden variërend van 6 tot 43 dagen. De lengte van de

S fase (Ts), de celcyclustijd (Tc), de labellings index (LJ), de potentiële

verdubbelingstijd ( T ^ ) werden bepaald door semi-continue thymidine labelling of

door middel van bromodeoxyuridine labelling. De continue labellings methode werd

alleen toegepast om celkinetische parameters te bepalen bij NHHC, HeLa en HeLa

S3 tumoren. Hiertoe werd het percentage cellen in minimaal (als een maat voor

geringe proliferatieve activiteit) en maximaal gelabelde gebieden (als een maat voor

hoge proliferatieve activiteit) afzonderlijk bepaald. Ondanks deze methode was de

bepaling van T, en Tc-T, met thymidine methode moeizaam en scheen de methode

minder nauwkeurig, getuige ook de relatief grote standaarddeviaties van de via deze

methode bepaalde data. De bepaalde celcyclustijden varieerden tussen 30 en 40 uur.

163



De bepaling van de celkinetische parameters door middel van de BrdU

labellingsmethode werd behoudens aan bovengenoemde tumoren ook verricht aan

Mel80, A431 en HX156 tumoren en wel op twee wijzen:

1: Ts, LI en T^, werden bepaald met de single sample of relative movement (RM)

methode. De potentiële verdubbelingstijden gemeten met de BrdU methoden

waren iets langer dan die gemeten met de continue labellingsmethode door

verschillen in Ts en LI waarden.

2: Van een serie van biopsien werd het percentage gelabelde cellen in mid-S, mid-

G2 en mid-Gj gemeten. Voor de analyse van deze data, noodzakelijk om Tc te

berekenen, werd een formule ontwikkeld op basis van een dempende sinus.

De celcyclustijden gemeten met de BrdU methode waren langer dan die gemeten

met de continue labellingsmethode. Dit werd waarschijnlijk veroorzaakt door het feit

dat in de continue labellings methode selectief snel proliferende populaties werden

gemeten en met de BrdU methode een gemiddelde van de hele tumor. Met de

gegevens van T^ T^, Tv en LI konden de groeifractie en de cell loss factor van de

tumor bepaald worden. De groeifractie varieerde van 0.3 tot 0.8, de cell loss factor

tussen 0.4 en 0.9. De BrdU data bestonden uit een complete set gegevens en werden

derhalve gebruikt voor de vergelijkingen in de volgende hoofdstukken.

Bepaling van celkinetiscae parameters aan bestraalde tumoren.

In hoofdstuk 3 werden veranderingen in de verdeling van de cellen over de

celcyclus onderzocht na eenmalige bestraling van de zes bovengenoemde tumoren

met verschillende doses, variërend van 1 tot 10 Gy. De bestralingen werden gegeven

met een hoog dosis tempo (3 Gy/min) dan wel een laag dosis tempo (0.5 Gy/hr)

gebruikmakend van een afterloading systeem. Beide technieken worden toegepast bij

de behandeling van het type tumoren gebruikt in dit onderzoek. De percentages cellen

in de verschillende celcyclus fasen werden bepaald aan tumorwecfscl door middel van

DNA-flow cytometric.

Na bestraling met een hoog dosistempo werd in alle tumorlijnen een

dosisafhankclijkc toename van cellen in de G2 fase gezien, evenals in vier van de vijf
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tumoren na bestraling met een laag dosis tempo. De ophoping van cellen was

aanzienlijk (ongeveer 30 tot 60% na de hoogste dosis 10 Gy, vergeleken met

controlewaarden van 10 tot 15%). De effecten van synchronisatie bleven zichtbaar

over een periode van 100 uur. Voor de klinisch relevante dosis van 2 Gy (de meest

gangbare dagelijkse dosis in een behandeüngsschema) is een toename tot ongeveer

twee maal de controlewaarde te verwachten.

Het tijdstip waarop maximale ophoping van cellen in G2 fase plaatsvond was niet

gerelateerd met de dosis, maar kwam beter overeen met de lengte van de celcyclus

van de betreffende tumor. De parameter Te was de enige celkinetische parameter

welke een voorspellende waarde had betreffende het tijdstip van maximale ophoping

van cellen in G2.

De tumoren werden naar mate van stralingsgevoeligheid (gebaseerd op de mate

van groeiuitstel na bestraling) gerangschikt. De rangschikking naar toename van het

percentage cellen in G2 kwam hiermee overeen, waaruit geconcludeerd werd dat de

toename van het percentage cellen in de G2 fase fractie (G2PF) gerelateerd was aan

de stralingsgevoeligheid van de tumor. Als gevolg hiervan werd gesuggereerd dat de

toename in G2PF een voorspellende waarde zou kunnen hebben voor de stralings-

gevoeligheid van de tumor.

Split dose experineateB

In hoofdstuk 4 werd de respons van tumoren in split dose experimenten met

verschillende intervallen getest. Een eerste dosis (10 Gy) werd gegeven met een hoog

(3 Gy/min) dan wel laag (0.5 Gy/hr) dosis tempo. Een tweede dosis werd gegeven na

6, 40, 80 en 120 uur. Deze intervallen representeren respectievelijk: het moment

waarop sublethale schade hersteld zal zijn, het tijdstip van maximale ophoping van

cellen in G2, een periode waarin het percentage G2 blok lager is, en het moment

waarop de cellen weer volledig gedesynchroniscerd zijn. Een kleine groep muizen

werd bestraald onder normale omstandigheden (pilot study). Een tweede, grotere,

groep werd bestraald met geoccludecrdc (afgeklemde) tumoren, dit om de invloed

van de radiobiologische factor reoxygenatie uit te sluiten. In de split dose experimenten
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met de afgeklemde tumoren (NHIK en HeLa) werden statistisch significante verschillen

in respons waargenomen tussen groepen bestraald met verschillende intervallen. Deze

verschillen werden voor zowel NHIK als HeLa tumoren en na beide dosis tempi

waargenomen. In het algemeen gaven de kortere intervallen (6 en 40 uur) een betere

respons te zien; d.w.z. een langer groeiuitstel en meer tumorgenezing (locale controle),

dan de intervallen van 80 en 120 uur. Er werden slechts kleine verschillen in respons

gevonden tussen groepen behandeld met verschillende dosistempi. In tegenstelling tot

wat verwacht werd op basis van literatuur gegevens v as de respons na bestraling met

een laag dosistempo was een factor 2 beter dan bestraling met een hoog dosistempo.

De NHIK tumoren gaven een betere respons te zien dan de HeLa tumoren, dit was

in overeenstemming met het feit dat deze tumoren a: stralingsgevoeliger waren en b:

een hogere ophoping van cellen in G2 fase te zien gaven. Er werd echter geen

overtuigend bewijs gevonden om te mogen concluderen dat de celdood aanmerkelijk

toegenomen was na bestralingsintervallen die samenvielen met het moment van

maximale ophoping van cellen in G2 fase (40 uur). Noch het specifiek groei uitstel,

noch het percentage locale controle vertoonde een kwantitatieve relatie met de mate

van ophoping van cellen in G2 fase na de eerste dosis. Deze gegevens gaven

aanleiding tot het stellen van de vraag of de in G2 geblokkeerde cellen niet al

gedoemd zijn te sterven. Deze vraag werd onderzocht in een goed controleerbaar

systeem van cellen in kweek, gebruikmakend van de clonogene assay. Deze studies

werden beschreven in hoofdstuk 5.

In hoofdstuk 5 werden allereerst de cellrinetische gegevens van 5 van de zes

eerder beschreven tumorlijnen geïnventariseerd. De gekweekte cellen werden

bestudeerd na enkelvoudige bestralingen met verschillende doses. Evenals in de

experimenten beschreven in hoofdstuk 3 werden ook in de gekweekte cellen

veranderingen in de distributie van cellen in de celcyclus waargenomen. Conform de

resultaten gevonden met de tumoren in vivo, zagen we ook hier een dosis-

afhankelijkhcid in de mate van ophoping van cellen in G2PF. De rangorde van de

cellijnen naar toename van cellen in G2PF na bestraling correleerde met die van de
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stralingsgevoeligheid in vitro.

Met NFOK, HeLa en HeLa S3 cellen werd een split dose experiment ( 2 x 5 Gy)

uitgevoerd, hierbij werden intervallen tussen de doses van 0-45 uur gebruikt. Slechts

in de NHDC tumorcellijn werd een verhoogde celdood gevonden, welke gecorreleerd

was aan de toename in G2PF. Hoewel voor de drie onderzochte tumorcellijnen de

toename van cellen in de G2+M fase na 5 Gy 30-50% was, werd er geen correlatie

gevonden tussen het percentage overlevende cellen en de mate van ophoping van

cellen in G2.

Verschillende factoren kunnen de oorzaak zijn van het gebrek aan effect van

therapie aangepast aan de individuele celkinetiek:

1. De synchronisatie die werd waargenomen na 40 uur in de in vivo experimenten

(interval van maximale ophoping van cellen in G^) is onvoldoende om de hele

tumor gevoeliger te maken, ofwel de in G2 geblokkeerde cellen zijn al stervende.

2. De radiobiologische factor repopulatie is van belang, mogelijk zodanig dat de

effecten van redistribute precies teniet worden gedaan.

3. De eerste stralingsdosis was te hoog. De respons van de overlevende cellen wordt

dan met name bepaald door resistente subpopulaties (bijvoorbeeld S fase cellen)

in plaats van door de stralingsgevoelige G2 fase cellen. Echter, de geringe

verhoging in celdodend effect die optreedt na een kleine fractie (2 Gy), kan

mogelijk tot aanzienlijke verhoging van de celdood leiden wanneer dit effect 30

fracties lang zou kunnen worden herhaald in een fractioneringsschema zoals

gebruikelijk in de kliniek.

De voorspellende waarde van celldnetische parameters voor gefractioneerde

radiotherapie

De mate van ophoping van cellen in G2PF correleerde met de stralings-

gevoeligheid na enkelvoudige doses. De mate van ophoping van cellen in G2 zou

daarom kunnen worden gebruikt als een maat voor stralingsgevoeligheid. Hoewel deze

parameter geen directe relevantie heeft voor specifieke fractioncringsschema's, zou hij
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wel als een leidraad voor de arts kunnen dienen om de beste therapie voor de patient

in te steilen.

Tussen de lengte van de celcyclus en het tijdstip van maximale ophoping van

cellen in G2 werd eveneens een correlatie gevonden. Dit geeft aan dat de celcyclustijd

gebruikt zou kunnen worden om het optreden van maximale ophoping te kunnen

voorspellen, ofwel om de lengte van het interval tussen de fracties vast te stellen,

ofwel om het tijdstip vast te stellen waarop de maximale ophoping zou dienen te

worden bepaald als een maat voor stralingsgevoeligheid.

De mate van ophoping die noodzakelijk wordt geacht voor een succesvolle

"synchronisatietherapie" werd eveneens bestudeerd. Berekeningen toonden aan dat een

synchronisatiegraad van 30-40% noodzakelijk is voordat een effect van deze therapie

verwacht mag worden. Daarom behoren tijdens deze therapie in de individuele patient

celkinetische parameters gemeten te worden.

Tenslotte werden in hoofdstuk 6 de aannames welke gedaan worden bij

"synchronisatietherapie" bediscussieerd. Deze zijn als volgt samen te vatten:

1. Een verhoogde respons door synchronisatietherapie is afhankelijk van de relatief

hoge stralingsgevoeligheid van G2 fase cellen in vergelijking tot cellen in andere

celcylus fasen.

2. De mate van ophoping die bereikt dient te worden dient hoog te zijn.

3. De kinetiek na bestraling van de overlevende G2 cellen behoort vergelijkbaar te

zijn met dat van de gehele populatie, zodat het bestuderen hiervan eveneens een

maat is voor de overlevende G2 fase cellen.

4. Het omringende normale weefsel moet een andere celkinetiek hebben dan de

tumor.

5. Het vaste (op celkinetiek gebaseerde) interval tussende doses moet relevant blijven

voor het grootste deel van de fracties te geven in een fractioneringsschema

(meestal 30).
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Conclusies

De in dit proefschrift beschreven experimenten toonden aan dat door bestraling

geïnduceerde toename van cellen in de G2 fase van de celcyclus in alle bestudeerde

cellijnen kon worden waargenomen. Dit lijkt een algemeen verschijnsel, zowel na

bestraling met een hoog als met een laag dosistempo. In de in vivo bestraalde tumoren

kon een synchronisatie van 60% bereikt worden, hetgeen aanmoedigde tot exploitatie

van dit fenomeen in soliede tumoren. De resultaten van het testen van deze therapie

waren teleurstellend (wellicht met uitzondering van de NHIK tumor).

De radiobiologische factor redistribute en de daaraan verwante veranderingen in de

stralingsgevoeligheid van de totale populatie zijn in de literatuur voldoende beschreven,

maar slechts voor een beperkt aantal systemen. Het is mogelijk dat deze redistribute

niet altijd uniform is, bijvoorbeeld dat er verschillen zijn in stralingsgevoeligheid van

de celcyclus fasen, of verschillen in vitaliteit van in G2 geblokkeerde cellen, of in de

kinetiek van overlevende en stervende cellen. Het is daarom noodzakelijk hieraan

verder onderzoek te verrichten zodat de effecten van de vorm van

synchronisatietherapie beschreven in dit proefschrift nauwkeurig voorspeld kunnen

worden, alvorens deze therapie kan worden toegepast in de kliniek.
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kunst van de celkweek.

Ingrid Jansen wist uit mijn krabbels keurige tekeningen te toveren die door Jan
de Groot en Marcel Metselaar (pijlsnel) steeds weer in prima publicabele foto's
omgezet werden.

Paulien en Vera, veel werk hebben jullie al verricht om van mijn promotie naast
een plechtige, ook een feestelijke gelegenheid te maken. Fijn te weten dat jullie straks
'achter' mij willen staan. Hartelijk dank!

Verder dank ik familie, vrienden en kennissen voor hun gedurige belangstelling
voor "het boekje", ondanks het feit dat mijn belangstelling voor jullie door de drukte
de laatste tijd weieens te wensen overliet!

Tenslotte een heel groot "dank je wel!" aan mijn moeder en aan Rob, die
ondanks drukte en soms moeilijke tijden ieder op hun eigen wijze steeds weer de
steun wisten te geven die ik nodig had.

Bedankt iedereen!



CURRICULUM VTTAE

De schrijfster van dit proefschrift werd op 5 november 1958 geboren te

Zaltbommel. In deze stad behaalde zij in 1977, aan de Rijksscholengemeenschap

(thans R.S.G. "Buys Ballot") het examen Atheneum-b. In datzelfde jaar werd

aangevangen met de studie Biologie aan de Rijksuniversiteit Utrecht, In 1980 werd het

kandidaatsexamen BI afgelegd. In 1982 werd tevens het kandidaatsexamen B5*

(Medische Biologie) behaald. In september 1984 werd het doctoraalexamen Biologie

afgelegd, met als hoofdvak Hematologie (Dr J.W.N. Akkerman) en als bijvakken

Vergelijkende Endocrinologie (Prof. dr. P.G.W.J. van Oordt) en Wetenschaps-

journalistiek (Dr. J.J Willems, K.U. Nijmegen), en als nevenrichting Didactiek van de

Biologie.

Tijdens en na de biologiestudie gaf zij voor korte perioden les aan de K.S.G. "de

Breul" te Zeist. Op 1 januari 1985 werd zij aangesteld bij de Vakgroep Radiotherapie

van het Academisch Ziekenhuis te Utrecht in het kader van een project gesubsidieerd

door het Koningin Wilhelmina Fonds. Het in het kader van dit project verrichte

onderzoek vormt de basis van dit proefschrift.


