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Abstract

Human tumour and normal cell radiosensitivity are thought to be important factors 
determining the response of tumour and normal tissues to radiotherapy, respectively. 
Clonogenic assays are the standard method for measuring radiosensitivity but they 
are of limited applicability for clinical use with fresh human tumours. The main aim 
of this work was to evaluate the Adhesive Tumour Cell Culture System (ATCCS), 
as a method for measuring the radio sensitivity of human tumours. A soft agar 
clonogenic assay, the modified Courtenay-Mills assay, was used as a standard to 
compare with the ATCCS. The demonstration that fibroblast contamination could 
occur with both assay methods led to the investigation of a new technique for 
removing unwanted fibroblasts from tumour cell suspensions and to the use of a 
multiwell assay for measuring fibroblast radiosensitivity.

Established tumour cell lines were used to validate and optimise the ATCCS. 
Success rates with human tumour biopsy specimens were initially poor with both 
assay methods but further modifications led to success rates of -70%. In a 
comparison of the modified Courtenay-Mills assay and the ATCCS there was close 
agreement between the measurements of surviving fraction at 2 Gy (SF2 ) for 
established tumour cell lines but with primary tumour cultures the SF2 values were 
significantly lower in the ATCCS. The main limitations of the ATCCS for clinical 
use were inter-experimental variability and fibroblast contamination. Using 
antibody-coated magnetic beads as a method for removing fibroblasts from tumour 
cell suspensions, some selectivity for fibroblasts was shown, but the specificity was 
too low for this method to be of value in its current form. The multiwell assay was 
found to be a satisfactory method for measuring fibroblast radiosensitivity although 
inter-experimental variability may limit its clinical use as a predictive test for normal 
tissue damage in patients.
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Chapter 1

Introduction

1.1. Radiotherapy for the treatment of cancer: clinical summary

In the 100 years since the discovery of X-rays by Roentgen in 1895, radiotherapy 
has become one of the major treatment modalities for patients with cancer. 
Radiotherapy now follows surgery as the second most commonly used form of 
therapy for cancer, either as a single treatment modality or in combination with 
surgery and chemotherapy. The percentage of cancer patients treated with 
radiotherapy in the United Kingdom is approximately 50%, so that relatively small 
improvements in treatment could affect large numbers of patients [6]. One of the 
major goals of research in radiation biology has been to improve local tumour control 
and patient survival, whilst at the same time minimising the unwanted side effects of 
damage to normal tissues.

Improvements in radiotherapy treatment can potentially be achieved either by 
physical methods which improve the dose-distribution of radiation within a tumour 
or by techniques which exploit biological differences between tumours and normal 
tissues. Significant advances have been made during the last 20 years with the 
introduction of megavoltage X-ray machines and improved imaging, dosimetry and 
planning systems. Based on encouraging laboratory results, clinical trials have been 
carried out with hyperbaric oxygen, hypoxic cell sensitisers, high LET radiation and, 
more recently, with different fractionation schedules. To date, all of these modalities 
have shown, at least, small improvements in local tumour control for certain tumour 
types although some of these results have been disappointing [7, 8].

The recognition that tumours and normal tissues are heterogeneous with respect to a 
number of specific radiobiological parameters has given rise to the possibility of 
selecting the optimum treatment for individual patients based on pretreatment 
measurements of these parameters. This should maximise the benefit obtained with 
different treatment modalities and result in improved rates of local tumour control 
and patient survival. The first step towards achieving this aim is to find accurate, 
reproducible methods for measuring these parameters in patients. The subject of this
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thesis is the measurement of one of these parameters which appears to be important
in both tumours and normal tissues - intrinsic cellular radiosensitivity.

1.2. The response of human tumours to radiotherapy

There is a wide range in the response of human tumours to radiotherapy with rates of 
local tumour control ranging from <5% to >95% for different tumour types [9]. 
Some of the factors which contribute to these differences are known but there is 
currently no satisfactory method for predicting accurately the response to treatment 
for an individual patient. The parameters which are used routinely in clinical practice 
are the type and grade of the tumour, the tumour stage and an assessment of the 
general condition of the patient. Tumours of certain histological types are known to 
be more radioresponsive than others, (e.g. lymphomas are relatively radiosensitive 
compared with glioblastomas which are highly radioresistant), but within each 
tumour category there is a range of responses.

Several radiobiological parameters have been shown to affect the in vivo response of 
tumours to radiation and there is now considerable evidence that they are important 
in the clinical response seen in patients. These parameters include the hypoxic cell 
fraction, tumour cell doubling time, clonogen cell number and intrinsic cellular 
radiosensitivity [10-16]. Interest in using these as predictors of treatment outcome 
has increased during the last few years with the introduction of a number of novel 
radiotherapy schedules, where there is the potential for tailoring treatment according 
to these parameters. This has given rise to the concept of optimised treatment based 
on ’predictive assays’.
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1.3. The intrinsic cellular radiosensitivity of human tumours

1.3.1. Definition o f intrinsic radio sensitivity
Intrinsic radiosensitivity describes the balance between the processes of radiation 
lesion production, lesion repair and lesion tolerance. The majority of cells express 
lethal radiation damage at the time of cell division as the failure to divide 
successfully. This process can be measured in vitro in a clonogenic assay as the 
ability of cells to divide to form colonies after irradiation and for this reason, 
clonogenic assays are considered to be the standard method for assessing cellular 
radiosensitivity. There are, however, certain cell types where the main form of cell 
death is by radiation-induced apoptosis (e.g. lymphocytes, spermatogonia, and 
salivary-gland cells) and there is some evidence that apoptosis may be the form of 
cell death in subpopulations of some tumour cells [17, 18, 19]. The intrinsic 
radiosensitivity of cells measured with a clonogenic assay may be expressed as the 
surviving fraction after a given dose of radiation, as the dose required to reduce their 
survival to a particular level or in terms of other cell survival curve parameters 
(Section 1.3.4).

1.3.2. Historical overview o f cellular radio sensitivity
In 1956 Puck and Marcus published the first clonogenic cell survival curve, thereby 
providing for the first time a technique for measuring the radiosensitivity of tumour 
cells [20]. The cell survival curve model of an initial shoulder followed by a final 
exponential portion was used. This was described with the following equation -

Surviving fraction = 1 - (1- e '^/^o)"

where D = dose
Do = dose required to reduce the surviving fraction of cells to 37% of its 
previous value on IVi® final slop®, of tZh®, cell sarvtVo.! cuxve.

n = termed 'extrapolation number'. This is the intercept on the survival 
axis of the terminal slope of the survival curve extrapolated back to zero 
dose.

Berry (1974) and other workers chose the Dq value of the exponential portion of the 
cell survival curve as a parameter for comparing the intrinsic radiosensitivity of a 
wide range of established mouse tumour cell lines [21]. Despite differences in the in 
vivo responsiveness of these mouse tumours to radiation little variation was found in 
the Do values (range 1-2 Gy). This led to the conclusion in the mid-1970s that
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intrinsic radiosensitivity was a relatively unimportant factor and that differences in 
radiation response must be accounted for mainly by differences in cell proliferation, 
cell cycle phase distribution and degree of hypoxia.

During the 1970s alternative models to the multitarget theory were developed which 
employ linear and curvilinear terms (e.g. the linear quadratic model) and provide a 
more useful description of the low-dose shoulder region of the survival curve [22]. 
The linear quadratic model is described by the following equation -

Surviving fraction = exp ( - oD - pD^) 

where D = dose
a,P = constants

Recent work has emphasised the importance of the initial region of the survival 
curve as a measure of intrinsic radiosensitivity. In 1981, Fertil and Malaise 
published data showing a relationship between the surviving fraction at 2 Gy (SF2 ) 
in human tumour cell lines and the clinical radioresponsiveness of the tumour type 
(expressed as the probability of 95% local control) from which the cell lines were 
derived [1]. In 1984, Deacon et al. published a similar review (mostly different 
data) correlating SF2 with the ranking of tumours according to their known 
radioresponsiveness (Figures 1.1a and 1.1b, Table 1.1)[2]. Although there was an 
overall correlation, it was also observed that there was a large variation within each 
category, which is consistent with clinical observations. The average SF2 for 
radioresponsive tumours was approximately 0.15 compared with 0.5 for 
radioresistant tumours, with an overall range from -0.05 - 0.85. Subsequent work 
with established human tumour cell lines and fresh human tumours has confirmed up 
to a 9-fold variation in SF2 measurements for human tumours.
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Table 1.1 and Figure 1.1 reproduced from Deacon et al. (1984) [2].

Table 1.1. Classification of human tum ours according to clinical 
rad ioresponsiveness.
A. Neuroblastoma, lymphoma, myeloma

B. Medulloblastoma, small-cell carcinoma

C. Breast, bladder, cervix carcinoma

D. Pancreas, colo-rectal, squamous lung carcinoma

E. Melanoma, osteosarcoma, glioblastoma, renal carcinoma

Figure 1.1 A. The initial slope of the cell survival curve, indicated by 
the surviving fraction at 2 Gy, in relation to the clinical response 
categories listed in Table 1.1 B. The mean survival curve for the 
tum our cell lines in Groups A and E. The points indicate the mean 
surviving fractions at each dose level {+!- SEM). The lines are fitted 
linear quadratic equations.
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1.3,3, Cellular mechanisms determining intrinsic radiosensitivity
DNA is thought to be a major target for the critical radiation damage which results in 
mitotic cell death. The types of DNA lesions caused by X-irradiation include double 
strand breaks, single strand breaks, base damage and DNA-protein cross-links. Of 
these, DNA double strand breaks are thought to be the most important lesions for 
lethal radiation damage [23, 24]. Ward (1986) has suggested that cell death results 
from clusters of DNA lesions (termed local multiply damaged sites, LMDS) in 
essential parts of the DNA, which are difficult to repair [25]. The initial damage to 
DNA may be chemically repaired by endogenous reducing compounds (e.g. 
glutathione or ascorbate) and may also be modified by DNA repair enzymes, either 
by repairing the damage correctly or by producing mis-repaired lesions which may 
result in chromosome aberrations, mutations and cell transformation [26]. Both the 
level of initial damage and the amount of repair are thought to be important in 
determining the amount of lethal radiation damage and there is evidence that these 
may both vary independently in different cell types [27, 28].

A number of defects have been observed in radiosensitive cell lines including 
reduced glutathione levels, absence of induction of p53 after irradiation, reduced cell 
cycle delay following irradiation, expression of H-ras and v-myc oncogenes and 
mutations in the DNA repair gene XRCCl [29-32]. Several oncogenes have also 
been shown to increase cellular radioresistance in transfected cells, including N-ras, 
bcl-2 and c-myc acting synergistically with H-ras [148-150]. There is, however, 
some controversy as to whether or not the observed radioresistance is caused by the 
oncogenes or simply the process of transfection itself [151]. The role of p53 in the 
cellular response to radiation has been further elucidated by the demonstration that 
transgenic mice expressing mutant alleles of p53 exhibit radioresistance and a similar 
finding has been reported in some Li-Fraumeni patients with p53 germline mutations 
(Section 1.5.2) [152]. Whilst these observations help to elucidate the underlying 
mechanisms, they underlie the multifactorial nature of the radiosensitivity phenotype 
which must be considered when attempting to measure intrinsic radiosensitivity. It 
is likely, however, that in the future it will be possible to 'probe' cells for several 
different genetic markers to yield a more direct measurement of radiosensitivity. For 
the present, the accepted standard method is a clonogenic assay which tests the 
functional integrity of all these different stages involved in DNA damage and repair 
after irradiation.
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1.3.4. Cell survival parameters to describe intrinsic radio sensitivity 
The surviving fraction after a single fraction of 2 Gy (SF2 ) is the cell survival 
parameter which has been used most widely for comparing the intrinsic 
radiosensitivity of different cell types. Tucker et al. (1989) have shown that this is a 
good discriminator between cell lines of differing radiosensitivity and it would also 
seem to be of clinical relevance to treatment given in 2 Gy fractions [33]. For most 
cell lines there is good agreement between the initial slope a  of the survival curve 
and the SF2 , so that a  would be an alternative parameter for comparing 
radio sensitivity measurements. Fertil and Malaise (1984) suggested that some 
measure of the shape of the whole cell survival curve might be more valuable and 
they described the mean inactivation dose (D ) as an alternative parameter [34]. This 
can be most simply expressed as the area under a linear quadratic cell survival curve 
plotted with linear co-ordinates. It can be shown, however, that there is no 
consistent relationship between D and the extent of cell killing in the low dose 
region and Tucker et al. (1986) have argued that SF2 should be used to compare 
cellular radiosensitivity, rather than D (Figure 1.2) [35].

The experimental studies described so far have used single fractions of X-rays at 
high dose-rate (1-2 Gy/min). In clinical radiotherapy, treatment is given in multiple 
fractions which allows for repair of some of the damage to occur between fractions. 
This type of repair can be demonstrated in vitro using split-dose experiments and has 
been termed sublethal damage repair [36]. After two fractions of X-rays separated 
by an adequate time interval (~ 6 hours), there is less cell kill than with the same total 
dose given as a single fraction. A similar phenomenon of repair can be demonstrated 
with continuous irradiation at low dose-rates (0.01-1 Gy/min). Above and below 
this dose-rate range there is little additional effect. Steel (1991) has shown that dose- 
rates of 1-2 cGy/min are approximately isoeffective with fractionated radiotherapy 
given as 2 Gy fractions and has suggested that this 'Regaud' dose-rate should be 
used for the measurement of cellular radiosensitivity [37]. The advantage of low 
dose-rate compared with high dose-rate studies is that the differences in 
radiosensitivity are amplified at low dose-rates, so that it might be a better 
discriminator for clinical measurements.
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A simple extrapolation from the SF2 measurement would give the surviving fraction 
of tumour cells after 60 Gy in 30 fractions as follows -

SF after 30 doses of 2 Gy = (SF2 )̂ ®

Suit (1989) calculated the theoretical doses required to achieve local control in 50% 
of tumours (TCD50) containing lO^^ clonogens [11]. Using in vitro SF2 

measurements in primary tumour cultures in soft agar the estimated TCD50 was 
34.1 Gy, which is lower than the TCD50 observed in clinical practice of ~ 60 Gy. 
Higher values of SF2 were reported for established cell lines than for primary 
cultures and based on these higher SF2 measurements in established cell lines the 
estimated TCD50 was 72 Gy. Possible explanations for the discrepancy between 
these theoretical calculations and the observed clinical value of TCD50 are that the 
SF2  measurements in primary cultures may underestimate the true value of SF2 in 
tumours in vivo and that simple extrapolations from SF2 fail to consider other 
important factors within tumours (e.g. proliferation between treatments, tumour 
hypoxia and vascular or immune-mediated responses). Interestingly, some other 
workers have not found a difference between the SF2 measurements in established 
cell lines and primary tumour cultures, so that this difference may not be a general 
phenomenon and may be dependent on culture technique (Figure 1.4) [3]. These 
discrepancies aside, SF2 is unlikely to represent the true figure for the proportion of 
viable tumour cells remaining after a course of radiotherapy but it may be a useful 
clinical tool provided it can be shown that it is correlated with treatment outcome 
following radiotherapy.
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Figure 1.2. Linear quadratic curves (plotted against survival on a 
linear scale) with different shapes and levels of survival at 2 Gy, but 
with the same area under the curve (D).  Linear quadratic parameters 
were:
(-----) alpha = 0.2, beta = 0
(— ) alpha = 0, beta = 0.0314.
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1.3.5. Relative importance o f different radiobiological parameters
It has already been discussed that intrinsic cellular radiosensitivity is one of several 
radiobiological parameters thought to be important in the response of human tumours 
to radiotherapy. Some of these factors, for example, cell cycle phase and hypoxia 
may be interdependent and modify cellular radiosensitivity but there is little clinical 
data on the relative importance of these parameters in human tumours.

The effects of cell cycle phase on cellular radiosensitivity can be studied by 
performing clonogenic assays on synchronously dividing cell cultures. Using these 
techniques it has been shown that cells in G2 and M are more sensitive than cells in 
late S and other phases of the cell cycle such as G1 and early S are of intermediate 
sensitivity [38]. The precise mechanisms for this variation in sensitivity are not 
known but both DNA conformation and levels of endogenous radioprotectors are 
thought to be involved [39]. In an untreated tumour in vivo, the component cells are 
not a synchronous cell population and are randomly distributed through all different 
phases of the cell cycle. During a fractionated course of radiotherapy given over a 
period of several weeks tumour cells will also tend to redistribute throughout the cell 
cycle. The effects of cell cycle phase in clinical radiotherapy are therefore likely to 
be small.

The term intrinsic cellular radiosensitivity is generally applied to the radiosensitivity 
of cells under well-oxygenated conditions but it is important to consider that the in 
vivo responsiveness of cells may be modified by the presence of hypoxia. In vitro 
experiments with established tumour cell lines and in vivo experiments with mouse 
tumours have demonstrated clearly that hypoxic cells are more resistant to radiation 
than well-oxygenated cells and that many tumours contain a proportion of hypoxic 
cells [40,41]. There is also good evidence that hypoxia is a cause for local treatment 
failure in patients [42-44]. The level of hypoxia at which radioresistance is seen is 
between 0-30 mm Hg. The magnitude of the sensitisation seen with oxygen is 
dependent on the level of oxygen and both the dose and type of irradiation but at 
doses of 2 Gy of X-rays the oxygen enhancement ratio is approximately 2.0 [45].

Several mathematical modelling studies have been carried out to compare the effects 
on treatment outcome of differences in radiobiological parameters [33, 46, 47, 48]. 
In the modelling study by Tucker and Thames (1989), tumour cell doubling time, 
hypoxic cell fraction, clonogen cell number and intrinsic radiosensitivity were 
compared and the tumour SF2 was found to be the most important predictor of 
treatment outcome in a conventional fractionated course of 60 Gy in 2 Gy fractions
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[33]. The clinical situation is obviously more complex than that simulated in 
modelling studies, as tumour parameters may change, (e.g. tumour reoxygenation 
may occur during a fractionated course of radiotherapy). Accepting the limitations of 
mathematical modelling, these studies support the concept that these factors are likely 
to be important predictors of treatment outcome.

1.4. The measurement of human tumour radiosensitivity

1.4.1. Clonogenic assays
The most direct way of assessing cellular radiosensitivity would be to measure the 
survival of irradiated cells using a clonogenic assay but there are a number of 
obstacles to carrying out such assays with fresh human tumour biopsies. None of 
the clonogenic assays currently available can be used alone to grow cells from all 
human tumours (maximum ~ 70%), and the cells from those tumours that can be 
grown often have a low plating efficiency and grow slowly. Normal cells within a 
tumour (e.g. fibroblasts, macrophages, endothelial cells) may also grow in tumour 
cultures so that it cannot be assumed that all of the colonies that are observed are 
composed only of tumour cells.

The usual range of plating efficiencies observed for cells isolated freshly from 
human tumours is from 0.01% to 10%, with a mean of 0.1% (i.e. for every 1000 
tumour cells plated, an average of 1 colony is produced). These low plating 
efficiencies could represent the true number of stem cells within tumours or could 
indicate that optimal growth conditions have not yet been found for human tumours 
in vitro. Minor modifications to growth media (e.g. addition of growth factors or 
the use of a different serum supplement), can greatly improve the plating efficiency 
of human tumour cells, suggesting that suboptimal growth conditions may be one 
reason for low plating efficiencies. Hill & Milas (1989), however, have shown that 
the number of tumour cells required to transplant a mouse tumour (TD50) correlated 
with the plating efficiency, suggesting that the plating efficiency might indeed reflect 
the number of clonogenic stem cells within a tumour [49].

The most successful clonogenic assay to date has been the Courtenay-Mills soft agar 
assay [50]. Tumour cells are grown as a suspension in soft agar, which has been 
widely reported to inhibit the growth of anchorage-dependent cells such as 
fibroblasts, and rat red blood cells are added to improve the plating efficiency. The 
cells are incubated under low oxygen tension (5%) for approximately 4 weeks. West
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et al. (1993) have recently applied a modified version of this technique to fresh 
cervix carcinoma specimens and achieved a 73% success rate with a median plating 
efficiency of 0.06% [51]. The range of SF2 values in this study was 0.14-0.92 with 
a median value of 0.40. In this series, 88 patients were evaluable for local tumour 
control with a minimum follow-up of 2 years following radiotherapy. Among these 
patients, there was a statistically significant correlation between SF2 and both local 
tumour control and patient survival.

1.4.2. Short-term growth assays
Short-term growth assays have been developed as an alternative to clonogenic assays 
in an attempt to improve success rates and to obtain a more rapid result. Three main 
techniques have been used for human tumour cells - the Adhesive Tumour Cell 
Culture System (ATCCS), a tétrazolium dye reduction assay (MTT assay), and the 
explant assay. The ATCCS was developed by Baker et al. (1986) and is described 
in detail in Sections 2.4 and Chapter 4 [52]. Briefly, the main features of the assay 
are that cells are cultured in 24-well plates coated with a cell adhesive matrix (CAM) 
comprising fibrinogen and fibrinopeptides, which is reported to inhibit the growth of 
fibroblasts and encourage the growth of tumour cells [53]. The plates are irradiated 
with a range of X-ray doses and then incubated for approximately 2 weeks. In 
contrast to a clonogenic assay where colonies are counted, the total cell number is 
estimated from a reading of integrated optical density of wells which have been 
stained with crystal violet using an image analysis system.

Brock et al. (1990) used the ATCCS in a series of 72 patients with head and neck 
cancer treated with post-operative radiotherapy and found a rate of 68% successful 
assays with a mean SF2 of 0.33 (range 0.11-0.91) [4]. At follow-up of 
approximately one year, the mean SF2 in 12 patients with recurrent disease was
0.40, compared with 0.30 in patients who were disease-free but this difference was 
not statistically significant. This was a group of patients, however, who had been 
treated with radical surgery with either no disease or only microscopic disease 
remaining at the time of post-operative radiotherapy so that it is difficult to evaluate 
the real influence of radiotherapy in these patients. In a preliminary report, Girinsky 
et al. (1992) have shown a correlation between local tumour control and the a  value 

(i.e. initial slope of the cell survival curve) in 56 patients with carcinoma of the 
cervix and head and neck treated with radiotherapy alone or combined surgery and 
radiotherapy [54]. A trend was also observed with SF2 but this did not reach 
statistical significance. More recently, this group has updated this series and 
reported that patients with a  values below a cut-off value of 0.07 Gy^ had lower
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local control rates following radiotherapy than patients with values below this level 
but there was no correlation overall between local tumour control and the a  value 

[55]. The phenotype of the cells grown in the ATCCS was questioned in this study 
with the finding that all of the evaluable tumour cultures studied (total 16) were 
diploid, indicating that they might be fibroblasts, rather than tumour cells. Some 
results with this technique have been disappointing [56, 57]. In the study by Price et 
al. (1991), of 22 tumours of varying histological type, a lower success rate (41%) 
was found and fibroblast contamination was observed, indicating that this assay 
might not be applicable to all tumour types [57].

The MTT assay is a method for detecting viable cells in short-term cultures which 
has been widely used for measuring the radiosensitivity of established tumour cell 
lines [58]. It is a colourimetric assay in which a tétrazolium salt, 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyl tétrazolium bromide (MTT) is metabolised in 
viable cells to an insoluble purple formazan product. A similar metabolic stain, 
using 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride (INT), can 
also be used to visualise the tumour cell colonies in the long-term Courtenay soft 
agar assay. In principle, the viable cell number is proportional to the production of 
this formazan product, which can be measured with a spectrophotometer. The assay 
detects only metabolically active cells, and unlike stains such as crystal violet, does 
not stain debris or adsorbed protein, but it cannot distinguish between viable cells 
which are clonogenic and sterilised cells which have lost the ability to divide further 
(i.e. doomed but still viable). Using the MTT assay, Ramsay et al. (1992) found no 
direct correlation between SF2 value and survival in 24 patients with malignant 
gliomas but the mean SF2 was lower for patients surviving longer than 18 months 
[59]. Larger numbers of patients are required to confirm these findings.

Mothersill et al. (1988) described an explant technique in which 2 mm^ pieces of 
tumour or normal tissue were placed in the centre of tissue culture flasks [60]. 
These were irradiated with a range of X-ray doses and incubated for approximately 2 
weeks. The area of cellular outgrowth around the tumour was measured in each 
flask and the results expressed as the percentage of control area. The main 
disadvantages with this assay are that it requires relatively large amounts of tissue 
and the initial numbers and type of clonogenic cells are poorly defined in each 
explant.

The two main criticisms of all these short-term growth assays is that they are not 
measuring clonogenic cell survival and that fibroblast contamination may occur.
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Some of the growing cells may have made only 1 or 2 divisions (so-called abortive 
divisions) and may not actually be capable of unlimited cell division. However, these 
processes may be typical of those in tumours and could mimic some aspects of the in 
vivo tumour response to radiotherapy.

1.4.3. M easurement o f  DNA damage
The importance of DNA as the critical target and of double strand breaks (dsbs) as 
the main radiation-induced lesion has been discussed above (Section 1.3.3). There 
are several techniques available for measuring DNA dsbs including neutral elution, 
sucrose sedimentation and pulse field gel electrophoresis although some studies 
comparing these different methods have found conflicting results [61-64]. One 
problem in the past has been the insensitivity of these techniques at doses <10 Gy 
but recent results with pulse field gel electrophoresis have detected DNA dsbs at 
~2 Gy. At these lower doses a correlation between residual, unrepaired DNA dsbs 
and clonogenic cell survival has been found for some established cells lines but 
further work is needed before this technique can be applied to primary tumour 
samples [64].

Several assays have been developed to measure other types of DNA damage 
including the micronucleus assay, nucleoid sedimentation, fluorescence in situ 
hybridisation (FISH) to measure chromosome aberrations, sister chromatid 
exchange and the comet assay [61, 65, 66, 67]. Of these, the micronucleus assay 
has been investigated most extensively, particularly for established cell lines but 
there is also some published work with fresh human tumour biopsies [68]. 
Micronuclei are extra-nuclear acentric chromosome fragments found in the cytoplasm 
of cells after cell division. They are present at low frequency in unirradiated cells but 
increase in number in a dose-dependent manner with radiation. In order to identify 
cells which have undergone one division after radiation and, which therefore may 
contain micronuclei, an agent is used which blocks cytokinesis without interfering 
with mitosis (e.g. Cytochalasin B). Post-mitotic cells are recognised by their 
binucleate appearance and a count is made of the number of micronuclei per 
binucleate cell. Wandl (1989) found a linear correlation between the surviving 
fraction measured in a clonogenic assay and the micronucleus frequency in human 
renal cell carcinomas [69]. Other workers have also found a good correlation 
between micronucleus frequency and intrinsic radiosensitivity for the majority of a 
range of different cell lines investigated [68, 70]. Bush and McMillan (1993), 
however, found that although there was a linear relationship between X-ray dose and

46



micronucleus frequency for each cell line, there was a poor correlation between 
absolute micronucleus frequency and clonogenic cell survival [71]. Further work is 
needed to address these problems but this assay is sensitive at low doses of 1-2 Gy 
and it is potentially suitable for automation.

1.5. The response of normal tissues to radiotherapy

1.5.1, General comments
The total dose of radiotherapy used to treat tumours is limited by the reactions of the 
normal tissues in the treatment volume. In general, with fractionated radiotherapy, 
the late radiotherapy reactions tend to be more dose-limiting than the early reactions 
and most clinicians consider that the incidence of serious side-effects must be kept at 
<5%. Several factors can affect the level of radiation-induced normal tissue damage, 
including the total X-ray dose, the dose per fraction, the interfraction interval and 
patient related factors (e.g. the presence of intercurrent illness, medication or 
smoking). There is variation in the 'tolerance' of individual tissues throughout the 
body which is dependent on both the organisational structure of the tissue and its 
function and there appear to be significant differences in radiation sensitivity between 
individuals which cannot be explained by differences in radiation dose (Section
1.5.2).

Both mouse and human data indicate that normal tissues have steep dose-response 
curves in the clinical therapeutic dose range needed to achieve local control of 
tumours [72]. In order to achieve local tumour control without severe normal tissue 
damage it is necessary to use therapeutic manoeuvres which spare normal tissues 
relative to tumours, for example using low doses per fraction, thereby shifting the 
dose-response curve for normal tissues to the right of that for tumours. This is 
illustrated in Figure 1.3 where the theoretical sigmoid curves for tumour and normal 
tissue response have been generated by assuming that the radiosensitivity parameters 
are the same but that a larger number of target cells are present in the normal tissue 
than in the tumour. Further benefit for patients might come from methods which 
predict the response of normal tissues to radiotherapy before treatment is commenced 
so that the dose could be modified accordingly. One parameter which might 
potentially be used in this way is the intrinsic cellular radiosensitivity of normal cells.
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Figure 1.3. Theoretical dose-response curves for tum our and normal 
tissue .
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1,5.2. The range o f responses o f normal tissues to radiotherapy
Several rare genetic disorders are known to be associated with increased normal 
tissue reactions to radiotherapy, including Ataxia Telangiectasia, Gardner’s 
syndrome, Huntingdon's chorea, Fanconi's anaemia, Cockaynes syndrome [73]. 
Ataxia Telangiectasia (AT) is a rare disorder but it has been estimated that 
heterozygotes occur at an incidence of ~ 1 in 100. Epidemiological studies also 
suggest that the incidence of AT heterozygotes may be higher among cancer patients, 
e.g. up to 1 in 10 breast cancer patients [74]. Fibroblasts and lymphocytes taken 
from homozygotes with AT show increased in vitro radiosensitivity compared with 
cells from normal individuals and cells from AT heterozygotes have been shown to 
cover a range of sensitivities from normal to values close to those for AT 
homozygotes. A gene, ATM, has recently been cloned on chromosome 1 Iq 22-23 
which has a transcript of 12 kilobases and is mutated in patients from all 
complementation groups [153]. Elucidation of the full range of AT mutations should 
make it possible to identify AT heterozygotes and thereby determine the 'true' 
incidence of AT heterozygotes and their radiation sensitivity during the next few 
years. To date, the only germline mutation associated with increased radioresistance 
is Li-Fraumeni syndrome where p53 mutations are implicated in the phenomenon of 
radioresistance [152]. This syndrome is associated with several malignant neoplams 
but it is rare, accounting for less than 1% of breast cancers so that its importance in 
clinical radiotherapy is likely to be slight.

In addition to patients with known genetic disorders there is a spectmm of responses 
in the remaining radiotherapy population [75]. Several small studies have shown 
increased in vitro fibroblast radiosensitivity among patients showing marked 
sensitivity to radiation who have no known genetic disorder [76-80]. Among 
patients showing a 'normal' response to radiation, a correlation has been found 
between in vitro radiosensitivity and late normal tissue reactions but no correlation 
has been found with early normal tissue reactions [81-85]. To date, however, these 
have all been relatively small studies (each involving less than 50 patients) and 
further work is needed to confirm these findings.

Although the clinical data are currently scarce, there are large published series on the 
range of in vitro radiosensitivity measurements found in fibroblasts [5, 73]. These 
studies have all shown a spectrum of radiosensitivity measurements in fibroblasts, 
with SF2 values ranging from ~ 0.35 in normal individuals down to 0.02-0.10 in 
patients with Ataxia Telangiectasia (Figure 1.4).

49



Figure 1.4. The surviving fraction at 2 Gy for established cell lines 
(Fertil & M alaise 1981, and Deacon et al. 1984. [1, 2]); fresh 
carcinom a of cervix (West et al. 1989. [3]); fresh squam ous cell 
carcinoma of head and neck (Brock et al. 1990. [4]) and fibroblasts - 
norm al, Fanconi's anaem ia (FA), G ardner's  syndrom e (GS), and 
Ataxia Telangiectasia (AT), (Deschavanne et al. 1986. [5]).
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There are a number of problems with these types of clinical and laboratory studies. 
First, there are errors associated with the in vitro measurements of cellular 
radiosensitivity so that small observed differences between patients may not be real 
and ranking patients could lead to incorrect interpretations of the data. Similarly, 
there are errors with the clinical scoring of normal tissue reactions. One other 
important problem in clinical studies is the accuracy with which the dose-distribution 
data are recorded so that apparent differences in normal tissue reactions may in fact 
simply be due to differences in the dose received by the tissues. It may also be the 
case that the cellular radiosensitivity of one cell type will predict for a particular 
normal tissue reaction but not for others.

1.6. The measurement of normal tissue radiosensitivity in vitro

1.6.1. Cell types fo r  study
Technological advances in tissue culture during the last 20 years have made it 
possible to culture several different types of normal cells including fibroblasts and 
kératinocytes from skin, endothelial cells, glial cells and lymphocytes. To date, 
most research on normal tissue radiosensitivity has looked at fibroblasts and 
lymphocytes, and more recently at kératinocytes. Patients with rare genetic 
syndromes such as AT appear to show increased in vitro radiosensitivity in all cell 
types indicating perhaps that one cell type would be as good as any other for 
predicting the response of normal tissues to radiotherapy [86]. Other studies, 
however, comparing different cell types from individuals showing 'normal 
responses' have found no correlation between the radiosensitivity of lymphocytes, 
fibroblasts or kératinocytes [87, 88]. One possible explanation for this lack of 
correlation is the inter-assay variability which has been found in some studies of 
repeat assays on individual samples [88, 89]. This topic of inter-patient versus inter- 
experimental variability is discussed further in the final discussion (Chapter 7).

The radiosensitivity of fibroblasts and kératinocytes can be measured by performing 
standard clonogenic cell survival assays. In the case of lymphocytes, however, it is 
known that cells die mainly in interphase, by apoptosis, rather than in mitosis, they 
are more radiosensitive than other normal cell types and in order to carry out a cell 
survival assay it is necessary to stimulate cell division artificially with 
phytohaemaglutinin. This has led to concern among radiobiologists that the radiation 
response for lymphocytes will not be typical of that for other cell types, except for 
rare cases of genetic disorders showing extreme radiosensitivity. Further studies are
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needed measuring the radiosensitivity of several different cell types to establish the 
relationship between their sensitivities and the normal tissue reactions in patients.

1.6.2. M ethods fo r  measuring fibroblast radio sensitivity 
The standard method for measuring the radiosensitivity of any cell type is with a 
clonogenic assay. Early passage human fibroblasts derived from skin biopsies have 
plating efficiencies of ~ 5-20% so that this technique can be applied relatively easily 
once cultures have been established. One factor limiting the clinical application of 
this technique, however, is the time taken to obtain sufficient cells to perform an 
assay. The technique which is generally accepted for culturing fibroblasts is to place 
explants of skin in the centre of flasks, from which fibroblasts grow out [90]. The 
clonogenic assay itself takes only - 1 4  days to obtain a result but it often takes 6 - 8  
weeks to have cultured sufficient cells to be able to set up the assay.

Many of the alternative techniques for measuring tumour radiosensitivity are also 
currently under investigation for fibroblasts, including short-term growth assays, 
and DNA damage assays such as the micronucleus assay. To date, the results 
published using patient samples have used mainly clonogenic assays or short-term 
growth assays using early passage cell lines. There are no published series reporting 
the measurements of fibroblast radiosensitivity made on primary cultures.

1.7. The relationship  between tum our and norm al tissue  
radiosensitivity

Does the intrinsic cellular radiosensitivity of an individual's normal cells predict for 
the radiosensitivity of a tumour? Following the theoretical argument that all normal 
cells contain the same DNA and should therefore have the same radiosensitivity, it 
has been suggested that because a tumour is derived from normal cells, it too should 
have the same intrinsic cellular radiosensitivity. There are good theoretical grounds, 
however, for thinking that this will not be the case for all tumours as it has been 
clearly shown that the cellular radiosensitivity may be modified by a number of 
factors involved in the process of transformation, including DNA ploidy and 
oncogene expression [30, 91].

Anecdotal reports in the literature suggest that in some patients with AT, successful 
local control of the tumour has been achieved despite lowering of the total dose to 
avoid serious normal tissue reactions [92]. In a retrospective series of 153 patients
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with carcinoma of the cervix, El Senoussi (1974) found that patients with increased 
normal tissue reactions had greater local tumour control [93]. Whilst this 
observation may have been due to the fact that these patients had both sensitive 
tumours and normal tissues it is also possible that these patients received a higher 
radiation dose than the other patients. In a comparison of cells cultured from soft- 
tissue sarcomas and skin fibroblasts from 12 patients, there was a correlation 
between the radiosensitivity of the tumour and normal cells [94]. Further studies are 
needed to test these findings. However, this type of work is limited by the practical 
difficulties of culturing both tumours and normal tissues from the same patient.

1.8. The potential clinical benefit from studies of cellular  
radiosensitivity

It has been discussed in the previous sections that the intrinsic cellular 
radiosensitivity of normal cells and tumours is thought to predict for the response of 
normal tissues and tumours to radiotherapy, respectively. Norman et al. (1988) 
have postulated that removal of the 5% or so 'sensitive' patients from the 
radiotherapy population would enable the dose to be increased for the remaining 
patients, with resulting improvements in local tumour control [95]. Avoiding 
radiotherapy completely or reducing the total dose of radiotherapy in patients at risk 
of severe complications would seem to be of obvious benefit to those patients. Any 
suggestion of increasing the total dose in the remaining patients must, however, be 
viewed with extreme caution as other factors may modify the normal tissue 
response, for example, vascular disease may increase the incidence of spinal cord 
injury. With the steep-dose response curves for normal tissue damage, increasing 
the total dose of radiation in the presence of other modifiers of damage could result 
in an increased incidence of damage. Knowledge that a tumour is radioresistant or 
radiosensitive might, however, lead to therapeutic interventions which could 
potentially benefit patients. If normal tissue and tumour radiosensitivity are not 
correlated with each other in an individual patient then ideally both parameters should 
be measured simultaneously in order to decide on the optimum therapeutic 
manoeuvre for that patient.
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1.9. Aims of the work undertaken in this thesis

The main aim of the project described in this thesis was to evaluate the Adhesive 
Tumour Cell culture System (ATCCS), in comparison with a standard soft agar 
clonogenic assay (a modified Courtenay-Mills assay), as a method for measuring the 
intrinsic radiosensititivy of primary human tumour cultures. This work involved 
carrying out a critical study of both techniques and attempts to optimise these assays. 
During this project it was found that fibroblast contamination could occur with both 
assay methods. This led to work on a new method for removing stromal fibroblasts 
from tumour cell suspensions and to the development of a multiwell assay for 
measuring skin fibroblast radiosensitivity. A comparison was then made between 
the multiwell assay and a standard clonogenic assay as a method for measuring skin 
fibroblast radiosensitivity in patients.
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Chapter 2

Materials and methods

2.1. Method for obtaining human tumour biopsy samples

Ethical committee approval was obtained for all the work with clinical material 
undertaken in this project. Surgical tumour specimens were collected fresh from 
theatre and taken to the pathology department at Mount Vernon Hospital. A 
Pathologist examined the tumour and excised a portion for this research project. 
This tumour specimen was immediately placed in high antibiotic medium. In some 
cases, where the histological diagnosis was already known, small tumour biopsies 
were sent directly to the laboratory. Tumour samples were then placed in the fridge 
prior to processing in the radiosensitivity assays (stored in fridge for up to 24 hours) 
or frozen and stored in liquid nitrogen (Section 2.5).

2.2. Enzymatic digestion of human tumour samples

1. The tumour biopsy was weighed.
2. The sample was minced finely with crossed scalpels and placed in an enzyme 

'cocktail' (enzyme mixture 1 or 2) in a 50 ml universal with a magnetic stirring 
vessel ('Buoy bar' : Bakers Dozen, Houston [now Baker Sanger Inc.] Cat. No. 
4-5006 ) at 37°C for 1.5 hours. Enzyme mixture 1 was used for the modified 
Courtenay-Mills assay and the 'modified' ATCCS assay (Sections 2.3 and
2.4.2, respectively). Enzyme mixture 2 was used for the original ATCCS 
(Section 2.4.1).

Enzyme mixture ( 1 )
High antibiotic medium (Section 2.14.4)
Pronase (Sigma Cat. No. CO 130) 0.5 mg/ml 
CoUagenase Type I (Sigma Cat No. P5147) 0.5 mg/ml 
Deoxyribonuclease (Sigma Cat. No. DN-25) 0.5 mg/ml

55



Enzyme mixture (2)
a  MEM culture medium without serum (Section 2.14.5)

Deoxyribonuclease (Sigma Cat. No. DN-25) 0.5 mg/ml
CoUagenase Type m  (Cooper Biomedical LS04183) 0.75 mg/ml

3. The supernatant was removed and placed on ice. 10 ml of 0.05% trypsin (in 
high antibiotic medium) was added to the remaining tumour for 30 minutes at 
37°C.

4. The two tumour suspensions were pooled, filtered using a 100 p.m nylon mesh

and then centrifuged at 1500 r.p.m. for 10 minutes.
5. The supernatant was removed and 9 ml of double distilled water added with 

rapid pipetting to lyse any red blood ceUs. 1 ml of lOx PBS was then added, 
followed by 10 ml of Ham's F12 medium -f- 20% PCS.

6. The sample was centrifuged at 1500 r.p.m for 10 minutes.
7. Resuspension of the pellet was performed in Ham's F12 + 20% PCS.
8. The cell suspension was filtered using a 37 }im nylon mesh to remove any

remaining cell clumps.
9. A small aliquot of the tumour cell suspension was mixed with an equal 

volume of a vital stain (acridine orange (1.0 p-g/ml) and ethidium bromide (16 
|ig/ml) in PBS) and the viable and dead cells counted in a haemocytometer 
using fluorescence microscopy with a blue filter of excitation wavelength 470- 
490 nm. (Viable cells stained fluorescent green and dead cells stained orange).
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2.3. A modified Courtenay-Mills soft agar clonogenic assay

This was performed according to the protocol of West et al. (1989) [3]. I am
grateful to Dr Cathy West and Dr Sue Davidson for their help and advice in setting
up this assay.

2.3.1, Setting up cultures
1. The cell suspension was prepared as in section 2.2. (Enzyme mixture 1) and 

diluted to lOx cell density required in final test tubes (usually 5x10^ cells/tube 
for high cell density and 2.5x10^ cells/tube for low cell density, provided that 
sufficient cells were available). In general, 8 replicate tubes were set up at two 
cell densities at two dose points (0 and 2 Gy).

2. 1 ml of the cell suspension was placed at lOx density required into a single 
Falcon 2057 test tube with 1 ml of rat red blood cell suspension and 8 ml of
0.4% agar at 37°C (0.8 ml of 5% Noble agar + 9.2 ml Ham's F12 (+ 20%
PCS and growth factors: Section 2.14.1).

3. The agar/cell suspension was pipetted up and down twice to mix cells and 
1 ml aliquoted into each of 8 Falcon test tubes. This procedure was then 
repeated for the other cell dilutions and dose points.

4. The tubes were placed on ice for 3-4 minutes until the agar was firm.
5. The test tubes were irradiated at room temperature immediately after plating 

and then incubated in a 5% CO2 , 5% O2 atmosphere at 37°C with the caps of 
the tubes in the loose' position.

6. Counting of any clumps of cells was made by staining and fixing 1 or 2 test 
tubes on Day 1, where these had been set up as extra, 'spare' tubes (Section
2.3.2).

7. 1 ml of fresh warmed Ham's F I2 medium (+ growth factors) was added to each 
tube weekly. In the third week, 1 ml of medium was removed before the fresh 
medium was added.
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2.3.2. Colony counting
1. After 4 weeks the tubes were removed and 0.5 ml of pre-warmed 

lodonitrotetrazolium (INT. Sigma Cat. No. 18377) (1 mg/ml) was added to 
each tube for colony counting. For each experiment, spare tubes (usually 2) 
were kept for characterising the cell cultures.

2. The tubes were removed 24 hours after adding the INT and the medium was 
aspirated.

3. 0.2 ml of 10% neutral buffered formalin solution (Sigma Cat. No. HT50) was
added to each tube and the tubes left overnight in a fume cupboard with the 
caps removed.

4. The tubes were then counted immediately or stored for up to 1 week at 4°C. 
Colony counts on one experiment were carried out on the same day. The agar 
from each tube was placed in the inverted lid of a 4 cm diameter petri dish and 
squashed with the base of the dish. Colonies greater than 50 cells (diameter 
>60 p,m) were counted. The size of colonies was ascertained using an eye 
piece graticule (26 mm diameter, Graticules Ltd. Tonbridge) and a measuring 
grid to calibrate the graticule (stage microscope measuring grid, 1 mm/0.01 
Divisions, also from Graticules Ltd. Tonbridge).

5. The standard errors of the mean for the CFE and SF2 were calculated using 
standard propagation methods.

2.4. The Adhesive Tum our cell C ulture System (ATCCS)

The assay was initially set up according to the protocol of Brock et al. (1989) [53]. I
am grateful to Dr Bill Brock and Ms Jenny Wike for providing detailed protocols and
for giving advice in setting up this assay.

2.4.1. Original protocol
1. The tumour biopsy was collected and minced into 1 mm^ pieces.
2. The tumour was placed in a 50 ml universal containing enzyme digest 

mixture 2 (Section 2.2) at 37°C for 5 hours.
3. The digested specimen was centrifuged at 1200 r.p.m. for 10 minutes.
4. The supernatant was aspirated and the cell pellet resuspended in 2 to 10 ml 

Hank's Balanced salts solution ( NBL Cat. No. M813), depending on the size 
of the cell pellet.

5. A small aliquot of the tumour cell suspension was mixed with an equal 
volume of a vital stain (acridine orange (1 |ig/ml) and ethidium bromide
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(16 }ig/ml) in PBS) and the viable and dead cells counted in a haemocytometer 
using fluorescence microscopy with a blue filter of excitation wavelength 470- 
490 nm (Viable cells stained fluorescent green and dead cells stained orange).

6. Tumour cell dilutions were made as specified in Table 2.1 by diluting the 
cells with attachment medium (Section 2.14.6) in 50 ml universals.

Table 2.1. Numbers of cells required for inoculating the ATCCS 
radiosensitivity assay.

Total cells required in 30 ml Final cells/ml
1.2x105 4000
6.0x104 2000
3.0x104 1000
1.5x104 500
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Figure 2.1. Multiwell plates in the ATCCS
'back- Dose (Gy)

control ground' 0.75 1.0 1.5 2.0

Plate 1 4000 o o O O o o
Cells/
well

2000 o o O O o o
1000 o o O O o o
500 o o O O o o

Plate 2 control
'back
ground' 2.5 3.0 4.0 5.0

4000 O o O O o o
Cens/
well 2000 o o O o o o

1000 o o O o o o
500 o o O o o o

Plate 3
control spare 0.75 1.0 1.5 2.0

4000 o © O o o o
Cens/
wen

2000 o O o o o o
1000 o o o o o o
500 o o o o o o

control spare 2.5 3.0 4.0 5.0
Plate 4

4000 o O O o o o
Cells/
wen 2000 o O O o o o

1000 o O O o o o
500 o O O o o o
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7. Four multiwell plates coated with cell adhesive matrix (initially 'CAM' plates, 
Bakers Dozen, Houston. Cat. No. 2-2406; manufacturers (renamed Baker 
Sanger Inc. Houston) then replaced CAM' plates with '24-well 'pECM' plates, 
reported to be identical to original CAM' plates), were labelled as shown in 
Figure. 2.1. Plastic 'CAM'-coated coverslips, made on request from Baker's 
Dozen, were placed in the bottom of the 'spare' wells in column 2 of plates 3 
and 4 except for the 1st well in plate 3 (the Day 1' fix well).

8. The required number of cells per well was obtained by pipetting 1 ml from the 
appropriate universal into each well. All 4 plates were set up in an identical 
manner with respect to the number of cells in the individual wells.

9. The plates were returned to the 37°C incubator (5% O2 , 5% CO2) for 
24 hours.

After 24 hours:-
10. The plates were placed on a horizontal shaker for 30 seconds, to resuspend any 

non-adherent cells, and the supernatant medium then aspirated from all of the 
wells.

11. 1 ml of PBS was aliquoted into each well and the plates were returned to the 
shaker for a further 30 seconds.

12. The PBS was aspirated from the first 'spare' well in column 2 of plate 3 (see 
Figure 2.1) and 1 ml of 70% ethyl alcohol was added for 3 minutes to fix the 
cells and then aspirated.

13. 5 |iCi of tritiated thymidine (Specific activity 70-86Ci/mmol. Amersham 
International Cat. No. TRK 758 ) in 1 ml of a  MEM culture medium (Section 

2.14.5) was pipetted into each of the 'background' wells in column 2 of plates 
1 and 2.

14. 1 ml of fresh a  MEM culture medium (Section 2.14.5) was aliquoted into 

each of the remaining wells of the 4 plates.
15. The plates were irradiated using a 240 kVp X-ray set at room temperature 

(Section 2.7) and then returned to the incubator.

Dav 5 medium change:-
16. The cultures were observed using an inverted microscope. Any contaminated 

wells were fixed with 70% alcohol for 3 minutes and then washed with PBS.
17. The medium was aspirated from the remaining wells and replaced with fresh 

culture medium.
18. The cultures were returned to the incubator and examined daily to determine 

when the cultures were ready to be fixed and stained.
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2.4.2. Modified* ATCCS protocol
The assay was carried out as described above with the following modifications:
1. Tumour samples were digested using enzyme mixture 1 (Section 2.2).
2. The number of cells plated per well was twice that shown in Table 2.1 and 

Figure 2.1 i.e. 8000, 4000, 2000 and 1000 in each row, respectively.
2. Ham's F12 medium (+ growth factors. Section 2.14.1) was used throughout 

the experiment instead of attachment medium (Section 2.14.6) or a  MEM 
growth medium (Section 2.14.5).

3. Medium changes were performed on Day 5 only.

2.4.3. Fixation and staining o f  multiwell plates
1. The plates were fixed when the high density control wells (4(XX) cells/well) 

had reached confluency and there was good growth in the next density (2000 
cells/well). This was determined by examination with an inverted light 
microscope.

2. Coverslips were removed from the spare wells. These were either transferred 
to petri dishes containing medium for a maximum of 24 hours until 
immunohistochemical staining was performed or washed with PBS, air-dried, 
wrapped in silver foil and then stored in a -7(PC.

3. The medium was aspirated from all the wells and the plates washed by 
immersion in a bath of PBS.

4. Fixation was performed by aliquoting 1 ml of 70% alcohol into each well and 
leaving the plates for 20 minutes.

5. The plates were dried by pouring off the alcohol, shaking the plates and then 
stacking them in the 'hot room' at 37°C.

6. When the plates were completely dry they were stained by immersion in a 
bath of crystal violet (Section 2.14.8) for 3 minutes. Initially, Solution 2 was 
used but this was changed to Solution 1, in accordance with the protocol from 
Dr Bill Brock.

7. The plates were then washed in flowing tap water and air dried in the hot 
room.
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2.4.4. M easurement o f  integrated optical density (lOD) o f  multiwell 
p la tes

2.4.4.1. Description o f  the Joyce-Loebl M agiscan image analysis
system
The hardware used for the analysis of the multiwell plates consisted of a 
monochrome CCD camera (Cohu Inc, model 6710), a macro viewing stand 
(transmission illuminator), an image processing unit and associated personal 
computer, using a separate RGB (false) colour monitor and a printer. An aluminium 
jig for holding the plates was made specially for this purpose by the workshop at the 
Gray Laboratory. A software programme which had been written for reading the 
plates on an earlier model (MX) of the Magiscan was provided Dr W. Brock in the 
Division of Radiotherapy, The University of Texas M.D. Anderson Cancer Centre, 
Houston, Texas. Several modifications were made to optimise both the hardware 
and the software of the Magiscan by Rosalind Locke and Dr Boris Vojnovic at the 
Gray Laboratory which are described in the following sections.

The 'reading' process involves the measurement of an integrated optical density over 
the region of interest, i.e. the well containing cells. While it is generally accepted 
that a certain amount of variability in the measurements would occur due to 
biological variations, it is nevertheless important to examine the factors that could 
influence the process of determining the transmitted light intensity and hence the 
optical density.

Optical density is defined as :
O.D. = logiolo/l 

where lo = light intensity incident on the sample
I = light intensity transmitted through the sample
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In most imaging systems the light intensity reaching the viewing camera is digitised 
to a finite resolution, usually to eight bits, i.e. = 256 possible intensity levels. The 
consequence of this process is that low O.D.'s can be determined reasonably 
accurately whilst at high O.D.'s the system is insensitive to small changes in O.D. 
because of the quantised nature of the digitisation process. In addition, the 
measurement of the 'black level' of the imaging system, i.e. the measured output of 
the camera with zero light, becomes more critical at high O.D's. Finally, the 
illumination light intensity must remain constant throughout the measurement 
session. In the experimental set-up described here, however, we are dealing with 
the measurement over a large number of pixels (typically ~ 9.3x10^ per well). The 
effects of the digitisation process are, therefore, reduced with the signal to noise ratio 
improved by a factor of Vn pixels i.e. any 'noise' from the camera is reduced by ~ 
96. It was considered that such measurements of integrated optical density could be 
performed provided some precautions are taken, as outlined below.

In the system used, the measurement of Iq and I were performed sequentially , Iq 
being determined by replacing the measured plate with a blank plated with similar 
optical characteristics The wells in the plate were relatively deep (17 mm) and 
imaging there proved somewhat problematic due to the finite numerical aperture of 
the camera lens, which was selected to be a compromise between light collection 
efficiency (i.e. short working distance) and edge effects (shadows of well walls). It 
was thus essential to ensure accurate repeatable registration of the measured plates 
with the reference (Iq ) plate. Some variations are inevitable, however, due to the 
manufacturing tolerances of the multiwell plates.
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2.4.4.2. M odifications to the hardware o f  the image analysis system 
During the initial calibration work with the Magiscan significant variations were 
found in repeat measurements of integrated optical density for a single well. Several 
factors, considered to be possible contributors to this variation, were investigated by 
performing repeat measurements under different experimental conditions. The 
results of these investigations are presented in Chapter 4. This work led to the 
following modifications, illustrated in Figure 2.2.

1. Plate alignment was improved by the use of a new stage set-up device and a 
specially designed alignment jig which overcomes the problem of small 
variations in plate size and shape.

2. Stray light was reduced by several measures - painting the set-up device black, 
placing a black curtain around the camera and introducing a narrow (+/- 5 nm 
bandwidth) bandpass filter at the peak absorption spectrum (^=592 nm) of 
crystal violet. In addition, an infra-red blocking filter (^=720 nm) was used to 

further reduce stray light.
3. The monochrome video camera (vidicon type) supplied by Joyce-Loebl was 

replaced by a charge-coupled device (CCD) which had a much higher sensitivity 
and linearity, both spatially and in intensity. The gain of this camera could be 
adjusted to use the available dynamic range in the most optimum manner.

4. The camera mount and jig position were adjusted to ensure that image capture 
takes place near to the centre of the light panel with line of sight normal to 
plate, where the illumination was determined to be most uniform.
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Figure 2.2. The Magiscan Image Analysis System.
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2,4 .43 . M odifications to the software o f  the image analysis system  
The original ’Plate' program acquired from Houston was modified in the following 
ways:
1. Joyce Loebl TASKS software was used for the user interface and menus as 

this allowed changes to be made more easily and provided more efficient 
storage of text strings.

2. The images were digitised and processed as 8 bit images rather than 6 bit, 
resulting in 256 resolvable grey levels per pixel rather than 64.

3. Alignment was carried out for both halves of the plate as it was found that 
alignment circles carried out for the first half did not align accurately with the 
wells in the second half of the plate.

4. The original version of the program made the following assumptions:
(i) that Iq is always "white", i.e. 63 for a 6 bit image or 255 for an 8 bit image, and 

that it is constant
(ii) that the zero light or black level of the camera is constant
(iii) that the following equation is valid:
OD (well) = OD (well)-OD(background)
where OD is the sum of log(255/grey level) over all pixels in the alignment circle. 
Manual inspection and calculations using typical grey level readings showed that 
these assumptions were incorrect. Modifications were made to the method of 
calculation as follows: For each half of the background plate, 4 images were 
captured. Intensity histograms were then obtained for each well within these images 
and then averaged and the peak values stored as To (well) for each well area. This 
procedure was then repeated for the stained plates. The camera black level was set to 
be zero +/-1 least significant bit and the cameras automatic gain control circuits were 
disabled. The background histogram was subtracted from the true histogram for 
each well of the stained plate and any negative results due to noise were set to zero.
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The lOD of the individual wells of the stained plates was calculated from the lo-well 
values using the following equation:

lOD = Snlog(Io/I)
where Iq = intensity of light passing through a blank well 

(measured as the grey level occurring most 
frequently in the pixels of a blank well)

I = each possible grey level for the stained well
n= No. of pixels with grey level I

2.4.4.4. M easurement o f  lOD
1. The alignment plate was inserted into the jig at the start of any session so that 

the plates were accurately aligned on the Magiscan.
2. An unused blank plate was then inserted for the calculation of the ’background' 

reading. Each plate was 'read' in two stages with the lOD in 12 wells being 
measured sequentially before moving the plate for measuring the lOD in the 
other half of the plate. The jig ensured accurate registration of the wells in 
both halves of the plate.

3. Stained plates containing fixed cultures were then inserted and the lOD 
measurements of individual wells were made. These readings were printed 
and also downloaded onto a floppy disc. The data were then transferred to a 
Micro-VAX computer using RS1 (BBN Software Ltd) - data analysis 
software.

2.4.5. Data analysis o f  the multiwell assays
The average lOD was calculated for the background wells at each cell density. For 
each of the other wells, the average background count for that cell density was then 
subtracted from the well lOD to give the corrected’ lOD. The corrected lOD was 
then plotted versus the cell number plated for each dose level. These data were fitted 
with a straight line, forced through the origin, using a standard non-linear regression 
fitting procedure (RS/1, BBN Software Products Corporation, USA). This was 
done firstly, for all the data points, next for the data excluding the highest cell 
density readings and then for the data excluding the two highest cell density values 
(Example shown in Figure 2.3). One of the regression lines which excluded the 
high density values was selected as the 'correct' fit if the phenomenon of 'growth 
inhibition' was seen in the higher cell density wells, as indicated by lower than 
expected readings of lOD. This phenomenon was initially observed in preliminary 
experiments with HeLa cells where cells in the high density wells showed pihng up
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on each other and lower than predicted measurements of lOD. This was 
subsequently seen with some other tumour and fibroblast cell lines and some 
primary cultures from fresh tumours (Chapter 4 and Appendix Figures 8.1-8.28). 
The fitted parameter of the selected regression line, the slope, and its error were 
recorded.

An alternative method of analysis of the data to the use of regression lines and 
exclusion of the high cell density data points would have been to use the plots of 
lOD versus cell number for a 'standard' cell line, e.g. HeLa cells, as calibration 
curves for all other cell lines and primary cultures. It can be seen clearly, however, 
from the control data in the primary cultures (Appendix Figures 8.1-8.28) that the 
lOD values at each cell density and the degree of growth inhibition in the high cell 
density wells varied from one cell type to another. A calibration curve using a single 
cell type would therefore not have been appropriate to use for all other cell types and 
the method of analysis using linear regression was used, as described above.

From the graphs of corrected lOD versus cell number plated, the slope ratio was 
calculated by dividing the slope of the fit to a particular dose by the slope of the fit to 
the 0 Gy data. Errors on the slope ratio were derived using a conventional error 
propagation method. A graph was then plotted of the slope ratio on a logarithmic 
axis versus dose ("quasi-survival curve") and the data fitted with the linear quadratic 
equation. Results of the LQ fit were used to calculate the surviving fraction at 2 Gy, 
and the standard error on the predicted survival at 2 Gy. If one of the LQ parameters 
was negative, it was set to zero and the data refitted.
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Figure 2.3. Example of method of data analysis in the ATCCS for 
HeLa experiment No. A74. a). Linear regression fits through data of 
Magiscan lOD plotted versus X-ray dose. b). Cell survival curve 
derived from data in a), where surviving fraction is the ‘slope ra tio ’ 
of corrected lOD versus X-ray dose.
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2.5. Freezing of human tumour biopsy samples

1. The tumour was minced using crossed scalpels to pieces < 1 mm^ diameter.
2. The tumour was placed in plastic 2 ml freezing vials (Nunc Cat. No. 3- 

68632A), which had been labelled with the patient's name, date of birth and 
hospital number, containing 10% dimethyl sulfoxide (DMSO Sigma Cat. No. 
D2650) in Ham's F12 medium (without serum or growth factors). Vials were 
loaded into a freezing container (Nalgene Cat. No. 51(X)-(XX)1) which was then 
placed in a -70°C freezer for 4 hours (This gave a cooling rate of 
approximately -l°C/min). After this time the vials were transferred to a liquid 
nitrogen storage container.

3. When the tumour was required for an assay the contents of an ampoule were 
thawed rapidly by holding the ampoule in a 37°C waterbath for ~ 2-3 minutes. 
The thawed contents were then poured into a 25 ml universal which was 
topped up with fresh Ham's F12 medium. Further fresh medium was added 
after centrifuging the tissue and pouring off the supernatant liquid. The 
tumour sample was then handled in an identical manner to fresh tumour 
samples.

2.6. Culture and passaging of human tumour cell lines and human 
fibroblasts

All human cells were maintained in culture under conditions of low oxygen tension 
in a 5% O2 , 5% CO2 incubator at 37°C in tissue culture flasks. Medium changes 
were performed twice weekly. HeLa cells were cultured in 'MEM' (Section 2.14.2) 
whilst the majority of the other tumour cells and all the fibroblast cultures were 
maintained in Ham's F12 supplemented with 20 % fetal calf serum and antibiotics 
(Section 2.14.1). Cells were passaged by washing with PBS, adding 5 ml of
0.05% trypsin/0.02% EDTA (Hyclone Europe Ltd. Cat. No. B3053D) for 3 minutes 
and then centrifuging at 1500 r.p.m. for 10 minutes. The supernatant was then 
aspirated and the cells resuspended in fresh medium. Aliquots of all newly 
established tumour and fibroblast cell lines were frozen and stored in liquid nitrogen 
(Section 2.5).
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2.7. Radiation facilities

Cells were irradiated at room temperature (18-24°C), 240 kVp X-rays were 
generated using a Pantak X-ray machine (250 kVp, 15 mA, HVL= 1.46 mm Cu). 
Prior to irradiation, cells were maintained in an incubator at 37°C and they were 
returned to the incubator immediately following irradiation. Cells were irradiated in 
test tubes, multiwell plates, flasks or spinner vessels depending on the specific 
experimental design of the experiment. In each set-up the dose-rate was dependent 
on the distance between the sample and the X-ray face plate. The dose-rate for the 
fibroblast colony assays was 0.48 Gy/min. In all other radiation set-ups used the 
dose-rate was approximately 2 Gy/min. Using the incomplete repair model it can be 
calculated that the predicted difference in SF2 measurements at 0.48 Gy/min 
compared with 2 Gy/min would have been <1% to 4% of the values, based on a 
range of half-times from 0.5 to 2 hours and a range of a  and P values corresponding 

to those measured in this study [15].

Specific X-ray jigs were made for each set-up by the workshop at the Gray 
Laboratory. For the multiwell plates a lead-shielded device was used which allowed 
a single row to be irradiated from below with shielding to all the other rows. The 
plate could then be moved along sequentially in the device to irradiate each row in 
turn without changing the quality of the X-rays, which could have been the case had 
the other doses been defined by a stepped lead filter. Dosimetry was performed 
using a 0.60 cm^ Baldwin Farmer ionisation chamber. For each set-up the 
dosimetry was accurate to within +1-5%.

2.8. Characterisation of cell cultures

2.8,1. Preparation o f  samples
Colonies from test tubes were removed from agar with a 25G needle and placed on a 
microscope slide. 'CAM' coated coverslips from ATCCS assays were attached to 
microscope slides with 'superglue' on the under-surface. Passaged cells for 
immunohistochemical staining were cultured in multiwell glass slides (Flow Cat. 
No. 6041505). Samples were air dried and then either used for 
immunohistochemical staining within 24 hours or wrapped in aluminium foil and 
stored at -70°C.
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2.8.2. Immunohistochemical staining

2.8.2.1. Indirect fluorescence method
1. Slides were dried in air at room temperature.
2. Fixation was carried out using ice cold acetone (glass slides) or ice cold 

ethanol (plastic coverslips) for 10 minutes at room temperature.
3. Slides were dried in air for 1 minute.
4. Cells were rehydrated by washing in PBS for 1 minute.
5. Incubation with 1:10 dilution normal goat serum was carried out for 15

minutes to block non-specific binding sites.
6. Slides were washed in PBS for 2 minutes (repeated twice).
7. Incubation with the primary antibody was carried out in a moist chamber for 

60 minutes at room temperature (dilutions given in Section 2.8.2.2).
8. Slides were washed in PBS for 5 minutes (repeated three times).
9. Incubation with fluorescent conjugated anti-mouse anti-IgG antibody 

(Sigma Cat. No. F0257) was carried out for 30 minutes at room temperature.
10. Slides were washed in PBS for 5 minutes.
11. Glass coverslips were mounted onto slides using Vectashield mounting 

medium (Vector Labs Ltd Cat. No. H I000).
12. Fluorescent staining of cells was examined, using a blue filter of excitation 

wavelength 470-490 nm, on a microscope equipped for fluorescence 
microscopy.
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2.8.2.2. Primary antibodies used fo r  cell identification

Dilution
CK MNFl 16 (Dako M821) 1:50
Vimentin (Dako M725) 1:5
5B5 Anti-fibroblast antibody (Dako M877) 1:25

Known positive and negative controls were used as follows:
Frozen tonsil sections - epithelial and connective tissue regions served as both 
positive and negative controls for the anti-cytokeratin (CK MNFl 16), vimentin and 
anti-fibroblast antibodies (Dako 5B5).
HeLa cells cultured on multiwell slides - positive controls for anti-cytokeratin (CK 
MNFl 16) and negative controls for Dako 5B5.
Earlv passage fibroblasts cultured on multi well slides - positive controls for Dako 
5B5 and negative controls for anti-cytokeratin (CK MNFl 16) antibodies.

2.9. Giemsa staining

Slides were air-dried and then fixed in 70% alcohol for 5 minutes. Staining with 
Giemsa (1:10 dilution) (Sigma Cat. No. GS500) was carried out for 10 minutes. 
The slides were then washed with tap water, air-dried and mounted.

2.10. Fibroblast cultures from skin biopsies

2.10.1. Skin biopsy samples
Ethical committee approval was obtained prior to the commencement of this study 
and informed written consent was obtained from patients before the biopsies were 
taken. Initial studies to establish the methods to be used for handling and growing 
cells were performed with surgical skin samples from theatre.
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2.10.2. Skin  biopsy method
Patients were positioned supine and the procedure performed under aseptic 
conditions. The skin was prepared with an antiseptic cleaning liquid (Tisept from 
Seton Prebbles) followed by 70% ethyl alcohol. An ellipse of skin (1 cm long,
0.5.cm wide) was excised from the right buttock under local anaesthetic and placed 
in 'transport medium' (Section 2.14.2). Three sutures were inserted at the biopsy 
site which were removed by the patient's General Practitioner at 10 days.

2.10.3. Establishment o f  fibroblast cultures (method 1)
The skin was minced to 1 mm^ pieces with crossed scalpels and placed in 10 ml of 
Ham's F12 medium (without serum) containing 0.125% trypsin (Flow Cat. No. 
1689454) and 0.5% collagenase (Sigma Type I) for 4 hours, stirring constantly with 
a 'Buoy bar' at 37®C. The resulting cell suspension was centrifuged at 1500 r.p.m 
for 15 minutes, the supernatant aspirated and the cells resuspended in 5 ml Ham's 
F I2 medium. Cells were counted in a haemocytometer using a viability stain 
(acridine orange and ethidium bromide in PBS: Section 2.14.1).

2.10.4. Isolation o f  fibroblasts and kératinocytes from  a skin sample 
(m ethod 2)
1. The skin sample was trimmed of surplus fat which was minced and passed to 

step 5.
2. The skin sample was placed in 10 ml pronase (1 mg/ml) and incubated at 37°C 

for 2 hours in a 5% CO2 , 5% O2 incubator. The mixture was inverted every 
30 minutes.

3. The epidermis was peeled away from the dermis using a pair of sterile 190 
needles.

4. The fragments of epidermis were further broken up with needles and then 
placed in the pronase supernatant if necessary. This cell suspension contained 
the kératinocytes. After centrifugation and resuspension in fresh medium the 
kératinocytes were counted in a haemocytometer and then plated onto a feeder 
layer of 3T3 cells according to a standard protocol [96]. Experiments with 
kératinocytes were carried out in parallel to the fibroblast assays and were 
performed by Dr Richard Hodgkiss.

5. The dermis was minced with crossed scalpel blades and placed, together with 
any material from step 1, in 10 ml of 1% collagenase (Sigma Cat. No. CO 130) 
with a magnetic stirrer at 37°C under aerobic conditions for 1-2 hours until most 
of the fragments had dissolved. This cell suspension contained the fibroblasts.
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6. The cell suspension was centrifuged at 1500 r.p.m for 15 minutes, the 
supernatant aspirated and the cells resuspended in 5 ml Ham's F 12 medium + 
10 % PCS.

7. The cells were counted in a haemocytometer using a viability stain (acridine 
orange and ethidium bromide in PBS: Section 2.14.11).

2.11. Assays for measuring fibroblast radiosensitivity

2.11.1. Colony assay
1. A single cell suspension of fibroblasts in Ham's F I2 medium + 10% FCS was 

prepared from two T75 flasks of plateau phase fibroblasts as described in 
Section 2.6. The cells were then counted in a haemocytometer.

2. A proportion of the cell suspension (~ 8x10^ cells) was placed in a total 
volume of 25 ml medium in a spinner vessel and irradiated under stirred 
aerobic conditions to a total dose of 30 Gy to produce 'heavily irradiated' cells. 
The cell suspension was then poured into a 25 ml universal and centrifuged at 
1500 r.p.m. for 15 minutes. The supernatant was then poured off and the cells 
resuspended in 5 ml of fresh Ham's F12 medium + 10% FCS (Section 
2.14.1). These cells were then counted in a haemocytometer.

3. The remaining cell suspension of non-irradiated 'live' cells was kept on ice 
until the heavily irradiated cells were prepared.

4. Fibroblasts were plated into T25 tissue culture flasks in Ham's F12 medium + 
10% FCS for a range of different dose points and at either cell density A 
alone or at both cell densities A and B (Table 2.2). For each flask the total cell 
number was made up to a total of 20,000 by adding heavily irradiated cells to 
the 'live' cells. A total of 3-6 flasks was used for each dose point at each cell 

density, p.b X - ro j  dose-rako. ojppfoac. 0 '4 -8  Qvj )miA..
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Table 2.2. Number of cells plated per dose point for fibroblast 
colony assay.

D ose
(Gy)

No. of 'live' 
cells per flask 

(Density A)

No. of 
heavily 

irradiated 
cells per flask 

(Density A)

No. of 'live' 
cells per flask 

(Density B)

No. of 
heavily  

irradiated 
cells per flask 

(Density B)
0 1000 19000 500 19500
1 1700 18300 850 19150
2 2600 17400 1300 18700

3 6500 13500 3250 16750
4 7000 13000 3500 16500
5 12000 8000 6000 14000

5. The flasks were placed in a 5% CO2 , 5% O2 incubator at 37°C with the caps 
in the loose position for 3-4 hours to allow cell attachment.

6. The flasks were irradiated under aerobic conditions at room temperature.
7. The flasks were returned to the incubator until the control flasks contained 

colonies > 50 cells (~ 14 days).
8. The flasks were stained with crystal violet solution (Section 2.2 mixture 2).
9. Colonies were scored manually with a colony counter. The size of individual 

colonies was measured using a light microscope and an eye-piece graticule.

2.11.2. M ultiwell assay
A  single cell suspension of fibroblasts was prepared as previously described 
(Sections 2.10.3 and 2.10.4) from two T75 flasks of plateau phase fibroblasts. The 
cells were counted in a haemocytometer. Four 24-well multiwell plates (Costar 
3424) were used for each assay. These plates were identical in shape to the 'CAM' 
coated plates used in the ATCCS assay but were uncoated. The plates were labelled 
and the cells plated at the same cell densities used in the ATCCS assay (Table 2.1 
and Figure 2.1) and placed in a 5% CO2 , 5% O2 incubator for 24 hours.

After 24 hours the PBS was aspirated from the first 'spare' well in column 2 of plate 
3 (Figure 2.1) and 1 ml of 70% ethyl alcohol was added for 3 minutes to fix the cells 
and then aspirated. 5 p.Ci of tritiated thymidine (Amersham International Cat. No. 

TRK 758 ) in 1 ml of culture medium was pipetted into each of the 'background'
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wells in column 2 of plates 1 and 2 to stop cell growth. The plates were irradiated 
under aerobic conditions at room temperature and then returned to the incubator until 
the high density control wells (4000 cells/well) had reached confluency and there 
was good growth in the next density (2000 cells/well). This was determined by 
examination with an inverted light microscope (~14 days). Fixation, staining and 
analysis of the plates to obtain radiosensitivity measurements was carried out 
according to the protocol for the ATCCS assay (Section 2.4).

2.12. Preparation of samples for TEM

Colonies from tumour cultures in soft agar were placed in cacodylate buffered 
2.5% glutaraldehyde in a Nunc freezing vial container (Section 3.3.2). Cells 
cultured on ‘CAM’ coated coverslips were fixed by placing the coverslips into 
cacodylate buffered 2.5% glutaraldehyde for 2 hours, rinsing twice with cacodylate 
buffer and then leaving finally in cacodylate buffered 2.5% glutaraldehyde. Cells 
growing as monolayers in plastic tissue culture flasks were fixed in 2.5% 
glutaraldehyde for 2 hours and then left in sodium cacodylate buffer for 
transportation. All of the fixed samples were then sent by overnight rail delivery to 
Dr Brian Eyden at the Christie Hospital, Manchester who carried out the 
transmission electron microscopy.

Individual colonies from soft agar tumour cultures were fixed in cacodylate buffered 
2.5% glutaraldehyde, treated with osmium tetroxide and en bloc uranyl acetate, 
dehydrated in ethanol and propylene oxide, and embedded in epoxy resin. Ultrathin 
sections were stained in uranyl acetate and Reynolds' lead citrate. Cells on plastic 
tissue culture flasks and ‘CAM’ coated coverslips were also treated this way and 
sectioned at right angles to the plastic.
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2.13. Statistical methods

I am very grateful to Dr Martyn Sherriff of Guy's and St Thomas' Hospitals and Dr 
Christopher Foy of Mount Vernon Hospital for their help and advice with the 
statistical analysis of the data in this thesis.

The following computer programs were used for data analysis:
SAS PC/Version 66044 SAS Institute Inc., Cary, N.C. 27513-2414, USA.
Stata Version 3.0. computing resource Centre, 1640 Fifth Street, Santa Monica, 
California 90401, USA.
StatXact version 2.01. CYTEL Software Corporation. 137 Erie St, Cambridge MA 
0219, USA.

The methodology for the analysis involving method comparison followed, in 
general, that described in the following texts: [97, 98, 99].
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2.14. Media and reagents

2 .1 4 .1 .
Ham's F12
Ham's FI 2 (Gibco) medium 
2 |Xg/ml amphotericin 
5 |ig/ml gentamicin

2 mM L-Glutamine (Hyclone Europe Ltd)

Added fetal calf serum (FCS^
20% FCS for tumour assays; 10% FCS for fibroblast assays

Additional growth factors added immediately prior to use for tumour assays: 
10 ng/ml epidermal growth factor (Sigma Cat. No. E4127)
10 |Xg/ml insulin (Sigma Cat. No. 11882)
0.5 |ig/ml hydrocortisone (Sigma Cat. No. HOI35)
2.5 |Xg/ml transferrin (Sigma Cat. No. T2252)

2 .1 4 .2 .
Transport medium for skin biopsies 
Ham's F I2 medium 
10% fetal calf serum 
gentamicin 5 )ig/ml 
amphotericin 2 }ig/ml 

penicillin 600 u/ml 
streptomycin 600 |ig/ml

2 .1 4 .3 .
Minimal essential medium (MEMl + 10 % FCS per 1000 ml 
Double distilled water 870 ml 
FCS 100 ml
Eagles MEM (xlO. NBL Cat. no. M344) 100 ml 
sodium bicarbonate (7.5%) 23.5 ml 
L-glutamine (200 mM) 7 ml 
streptomycin 100 mg 
penicillin 200,000 units

80



2 .1 4 .4 .
High antibiotic medium 
Minimal essential medium 
20 }Xg/ml gentamicin 
20 jig/ml amphotericin 

15 mM Hepes

2 .1 4 .5 .
Culture medium for ATCCS 
a  MEM medium (Imperial Labs Ltd. Cat. No. 1405)

L-Glutamine (2(X) mM) 7 ml 
sodium bicarbonate (7.5%) 42 ml 
IM Hepes (Hyclone Europe Ltd) 30 ml 
10% FCS 
penicillin 200,u/ml 
streptomycin 0.1 mg/ml 
amphotericin B 1 p^g/ml 
gentamicin 20 p-g/ml
transferrin (Sigma Cat. No. T2252) 10 |ig/ml
hydrocortisone (Sigma Cat. No. H4001) 0.5 |ig/ml
epidermal growth factor (Collaborative Research Cat. No. 4001) 5 ng/ml
insulin 5 |Xg/ml (Collaborative Research Cat. No. 40205)
estradiol 0.27 |ig/ml (Sigma Cat. No. E8875)

2 .1 4 .6 .
Attachment medium for ATCCS
This was identical to the culture medium but in addition contained 0.6% 
methylcellulose (see below).

Preparation of methylcellulose for ATCCS
3 g methylcellulose 4000 (Fisher Scientific, Houston, TX) was placed in a 5(X) ml 
glass bottle containing a magnetic stirrer bar and autoclaved for 40 minutes on a dry 
cycle. 262 ml of sterile water was then added and the mixture stirred using a 
magnetic stirrer at 4°C until dissolved (-  3-4 days). 6 ml of this mixture was added 
to each 1(X)0 ml of culture medium (Section 2.14.5) to give a final concentration of 
methylcellulose of 0.6%.
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2 .1 4 .7 .
Collagenase for ATCCS
1. 2.5 g collagenase D (Boehringer Manheim Corporation) was mixed with 

34.2 ml of 2.4x aMEM culture medium (Section 2.14.5) and 48.2 ml water.
2. The suspension was then centrifuged at 10,000 G for 60 minutes.
3. The supernatant was aspirated and filtered through a 0.45 |im filter.

4. Aliquots of the collagenase suspension were then stored at 4°C.

2 .1 4 .8 .
Crystal violet solution per 1000 ml (11
Crystal violet (Arnold Horwell Cat. No. C581/KX)) 0.5 g
95% ethyl alcohol 200 ml
Tap water 800 ml
Filtered before use and freshly made for each staining

Crystal violet solution per 1(X)0 ml (2)
Crystal violet (Sigma C3886) 2 g 
70% ethyl alcohol 1000 ml
Filtered before use

2 .1 4 .9 .
Stock agar (5%) preparation
5 g of Noble agar was added to 100 ml PBS and autoclaved. The agar was then kept 
in a 55°C waterbath until ready for use

2 .1 4 .1 0 .
lodonitrotetrazolium solution
1.0 mg/ml INT in PBS autoclaved to sterilise and dissolve INT

2 .1 4 .1 1 .
Acridine orange and ethidium bromide vital stain 
Acridine orange 1 |Lig/ml in PBS 
Ethidium bromide 16 |ig/ml in PBS 

Stored in the dark in the fridge at 4°C
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2 .1 4 .1 2 .
Rat red blood cells
Blood was taken from August rats via cardiac puncture. Each rat was bled at a 
maximum frequency of once per 6-8 weeks and approximately 2 ml of blood was 
obtained per animal. The blood was centrifuged for 10 minutes at 1500 r.p.m. and 
the supernatant removed. Five ml PBS was added and followed by centrifugation 
for 10 minutes at 1500 r.p.m. The supernatant was then removed. Five ml Ham's 
F12 + 20% FCS was added and the suspension then centrifuged at 2000 r.p.m. for 
10 minutes. The supernatant was then removed. The blood was placed in a water 
bath at 44°C for 1 hour to kill any live cells. Ham's F12 + 20% FCS was used to 
make the total volume up to the original volume followed by a further dilution to 1 in
8. The rat red blood cells were stored at 4°C for up to 2 weeks.
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Chapter 3

Measurement of human tumour cellular radiosensitivity 
using a modified Courtenay-Mills soft agar clonogenic 
assay

3.1. Introduction

A modified Courtenay-Mills soft agar clonogenic assay was used in this project as 
the standard method for measuring tumour cell radiosensitivity. This assay was 
selected because of the high success rates in achieving growth of cultures with fresh 
cervix carcinoma biopsy specimens (~ 70%) reported by West et al. (1989)[3].
More recently, data have been pubhshed showing a statistically significant 
correlation between tumour SF2 and both local tumour control and patient survival 
following treatment with radiotherapy, indicating that this assay appears to be 
measuring a parameter which is clinically important in patients [51]. There is some 
published data on the use of this assay with fresh tumours of other types (including 
colorectal tumours, melanomas and ovarian tumours) but, otherwise, this assay has 
been used mainly with xenografts and passaged tumour cell lines [50,100].

One important feature of the original Courtenay-Mills assay is that it was reported 
that normal fibroblasts were unable to proliferate in soft agar [50, 101]. This 
anchorage-dependent growth of normal fibroblasts was first described by 
Macpherson and Montagnier in 1964 and has since been exploited both in 
'transformation assays' for studying the processes leading to oncogenesis and in the 
culture of tumour cells in soft agar by differentially inhibiting the growth of 
unwanted stromal fibroblasts [102]. By contrast with normal fibroblasts, 
transformed fibroblasts in culture are able to grow under anchorage-independent 
conditions in soft agar, to produce 'transformed foci' on tissue culture plastic and are 
able to form tumours in nude mice [103]. Spontaneous transformation of human 
fibroblasts is thought to be a rare event but a number of physical and chemical agents 
are now known to induce anchorage-independence without induction of the other 
features of transformation [103, 104]. This has also been reported with transfection 
of growth factor receptors or high levels of growth factors [105, 106].
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Stephens et al. (1978) did observe macrophage colonies in soft agar from the mouse 
Lewis lung carcinoma but these colonies were diffuse and morphologically distinct 
from tight tumour colonies [107]. Walls and Twentyman (1985) investigated the 
growth of normal human bone marrow in the Courtenay-Mills assay and observed 
both tightly packed and diffuse colonies but detailed cellular characterisation was not 
performed [108]. Successful cell culture of haemopoietic stem cells requires the 
presence of specific growth factors which are absent fi’om the modified Courtenay- 
Mills assay [109, 110]. It is, however, possible that some haemopoietic stem cells 
may be able to grow in this assay with a low plating efficiency. Other cell types 
present in bone marrow which might proliferate in culture include stromal cells and 
endothelial cells.

3.2. Aims

The aim of this work was to test the modified Courtenay-Mills assay as a standard 
method for measuring primary human tumour cell radiosensitivity for a range of 
different tumour types. A critical study of this technique was performed looking 
particularly at the success rates for different tumour types, the inter-assay variability 
and the characterisation of cells cultured in soft agar from fresh tumour biopsies. 
The proliferation of normal fibroblasts in agar was also investigated. All of these 
results are presented in this Chapter. In Chapter 5 the results with the Courtenay- 
Mills assay are compared with those obtained with the ATCCS assay.
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3.3. M aterials and methods

3.3.1. Cell lines

3.3.1.1. HeLa S3 cell line
This long-established cervix carcinoma cell line was obtained from ICN Flow 
(Catalogue No. 03-157). HeLa was the first aneuploid epithelial-like cell line 
derived from human tumour tissue and maintained by serial subculture. Cells were 
maintained as a monolayer culture in MEM culture medium supplemented with 1% 
FCS (Section 2.14.3).

3.3.1.2. HX147 lung carcinoma cell line
HX147 is a large-cell lung carcinoma cell hne which was kindly donated by Dr G. 
Duchesne at the Middlesex Hospital, London. Cultures were maintained as 
monolayers in Ham's F12 medium supplemented with 15% FCS (Section 2.14.1).

3.3.1.3. HT29 colon carcinoma cell line
HT29 is a human colon carcinoma cell line which was kindly supphed by Professor 
E. Malaise at the Institute Gustave-Roussy, Paris. Cells were cultured as a 
monolayer in MEM medium supplemented with 20% FCS (Section 2.14.1).

3.3.1.4. SW48 colon carcinoma cell line
SW48 is a human colon carcinoma cell hne which was kindly supplied by Professor 
E. Malaise at the Institut Gustave-Roussy, Paris. Cells were cultured as a 
monolayer in MEM medium supplemented with 20% FCS (Section 2.14.1).

3.3.1.5. EJ30 bladder carcinoma cell line
This is a human epithehal bladder carcinoma cell line which was kindly provided by 
Dr Janet Arrand at the Gray Laboratory. Cells were maintained as a monolayer 
culture in MEM medium supplemented with 10% FCS (Section 2.14.1).

3.3.1.6. A549 lung carcinoma cell line
A549 is a human lung carcinoma cell line which was obtained from ATCC (CCL 
185). Cells were maintained as a monolayer culture in MEM medium supplemented 
with 10% FCS (Section 2.14.1).
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3.3.1.7. Breast carcinoma cell line
A breast carcinoma cell line was kindly donated by ZENECA pharmaceuticals for 
electron microscopy studies. Cells were maintained as a monolayer culture in MEM 
medium supplemented with 10% FCS (Section 2.14.1).

3.3.1.8. Early passage skin fibroblasts
The growth of normal human fibroblasts in soft agar was investigated by setting up 
modified Courtenay-Mills assays with early passage skin fibroblasts and MRC5 
fibroblasts. Two fibroblast strains, GLHFl and GLHF2 were derived from skin 
biopsies as described in Section 2.10.3. Cells were used at passage numbers 4 ,9  
and 6, in experiments 1,2 and 5, respectively.

3.3.2. Fixation o f  samples fo r  Transmission Electron Microscopy 
Individual colonies were removed from agar using a 25 G needle under direct vision 
with a light microscope (magnification xlO) and placed in cacodylate buffered 2.5% 
glutaraldehyde in a Nunc freezing vial container. Control epithelial and fibroblast 
cell lines were cultured as monolayers in plastic tissue culture flasks, fixed in 2.5% 
glutaraldehyde for 2 hours and then left in sodium cacodylate buffer for 
transportation. Fixed samples were then sent by overnight rail delivery to Dr Brian 
Eyden at the Christie Hospital, Manchester (Section 2.12).

3.3.3. Preparation o f  samples fo r  im m unohistochem ical staining
Several methods were investigated for isolating colonies onto slides for 
immunohistochemical staining. These included using a syringe containing a small 
volume of saline, from which either cell smears or cytospins were made and using 
needles of varying sizes to remove colonies and placing them directly onto cleaned 
glass slides. Cytospins were made using a Shandon cytospin at 500 r.p.m. for 5 
minutes. The most satisfactory method was found to be to remove individual 
colonies from agar using a 25 G needle under direct vision with a light microscope 
(magnification xlO) and to then place them on a glass microscope slide and allow 
them to air-dry. Samples were then either stained on the same day or stored 
wrapped in silver foil in a freezer at -70°C. Samples were warmed slowly after 
freezing at room temperature prior to staining.
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3.3.4. Preparation o f  peripheral blood monocytes
Peripheral blood monocytes were obtained from blood samples from volunteers to 
act as macrophage controls for comparing with cultures from tumour samples. The 
method is outlined as follows -

1. 20 ml human blood was collected in preservative-free heparin and placed in an 
incubator with an equal volume of RPM I1640 medium (Gibco-BRL Europe 
Ltd.) with the cap loose for 5 days.

2. The blood was then gently poured onto a layer of Lymphoprep (Nycomed.
Oslo, Norway) in a centrifuge tube and centrifuged at 1600 r.p.m. for 20 
minutes.

3. The layer of cells at the interface with the Lymphoprep, containing monocytes, 
was gently pipetted off. These cells were then washed twice and resuspended 
in RPMI containing 10% FCS.

In addition, peripheral blood monocytes were also kindly donated by Dr Parry at 
Harefield hospital. Cells were observed to attach and to proliferate to approximately 
70% confluency, but then became detached from the plastic and died. These cells 
served as control macrophages in morphological examination (Figure 3.7F).

3.3.5. M easurement o f  SF 2

For all the assays with fresh tumour biopsies 4-8 replicate test tubes (usually 8) were 
set up at two cell densities for controls and a single dose point of 2 Gy X-rays 
(Section 2.3). The SF2 was calculated directly from counts of colonies, corrected 
for the plating efficiency. In accordance with the protocol used by West et al. (1989) 
it was intended to plate a minimum of 5x10^ cells per high density test tube for each 
assay and this was done in 23/59 assays [3]. In 29/59 assays there were insufficient 
cells to do this and fewer cells were plated and for 7 large tumours more cells were 
plated.
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3.4. R esults

3.4.1, SF 2 measurements in established human tum our cell lines
A total of 15 experiments were carried out using established human tumour cell 
lines. SF2 measurements were made successfully in 14/15 with no result in 1 assay 
because of infection. The results on 9 repeat assays with HeLa cells are summarised 
in Table 3.1 below. Data from individual HeLa experiments are shown in Table 3.2, 
and in more detail in Table 8.1 in the Appendix. These results show a range of 
values for repeat measurements, with a mean SF2 of 0.44. This data was considered 
to be normally distributed for the variance analysis in Section 3.4.2 (The Shapiro- 
Francia test for normality shows that the distribution is not completely normal but the 
deviation from normal is small, p = 0.03).

Table 3.1. Sum m ary of HeLa SF2 m easurem ents with the modified 
Courtenay-M ills soft agar assay (data shown in detail in Tables 3.2
and 8.1 in the Append ix).

No. of 
assay s

mean
(range)

SEM SD 95 % C l CV (%)

9 0.44
(0.34-0.68)

0.03 0.10 0.37-0.52 23

The overall mean colony forming efficiency was 45% (range 2.8-90%, SEM 8.13). 
The low colony forming efficiency of 2.81% occurred in the first modified 
Courtenay-Mills assay performed in this project. In all subsequent experiments with 
HeLa cells higher values of colony forming efficiency were obtained with a range 
from 29.2-90%. An analysis of the pooled data from the nine HeLa experiments 
showed a near linear relationship and significant correlation between the number of 
cells plated and the number of colonies formed with a correlation coefficient r=0.98 
(p<0.(X)5) for all the data points and r=0.84 up to KXX) cells plated (p< 0.005), 
shown in Figure 3.1. In these experiments there was no correlation between the 
number of cells plated and the SF2 measurement (correlation coefficient r=0.008).
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Figure 3.1. Relationship between number of HeLa cells plated and 
number of colonies formed in the modified Courtenay-Mills assay.
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Radiosensitivity measurements were made in four cell lines in addition to the HeLa 

cells (Table 3.2 and 8.1 in the appendix), including one known radioresistant cell 

line, HT29, and one radiosensitive cell line, SW48.

In seven experiments (3 HeLa, 2 SW48, 1 HX147 and 1 HT29) cell survival was 
measured at a range of X-ray doses from 1 to 5 Gy and the SF2 calculated by fitting 

these data with the linear quadratic equation (LQ fit), in addition to calculating it 

directly from the data at 0 and 2 Gy. The relationship between the 'direct' and 

'linear quadratic' estimates of SF2 is shown in Figure 3.2 where the data have been 

analysed according to the method described by Altman and Bland (1983) [97]. For 

this analysis. Graph A of Figure 3.2 shows the relationship between the 

measurements of SF2  with the two methods on a linear plot and a line of equality 

drawn to show where the values should lie if both methods gave exactly the same 
measurements. Graph B of Figure 3.2 shows the relationship between the 

difference in values with the two assay methods versus the 'average' SF2 with the 

two methods. This analysis shows good agreement between the two methods but 

there is a small negative bias in the 'direct' measurements compared with the LQ fit 

with a mean difference of -0.04, i.e. the 'direct' method gave slightly lower
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measurements of SF2 . The limits of agreement between these two methods, 
expressed as the 95% confidence limits around the mean difference are from -0.03 to 
0.06. The cell survival curves for these cell lines are shown in Figures S.3-5.6 in 
Chapter 5, in comparison with the cell survival curves obtained with the ATCCS 
(also c/bare plastic for HT29 and SW48).
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Figure 3.2. A: Relationship between SF2 measured 'directly' and SF% 
calculated by fitting survival curve data with the linear quadratic 
equation (LQ fit) for 7 experiments with established tum our cell lines. 
Line of equality is drawn to show where points would lie if 
measurements with the two assay methods were exactly the same. B: 
The mean SF2 calculated using these two methods plotted against the 
difference in SF2 values.
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Table 3.2. Modified Courtenay-Mills assay for established human

Cell line A ssay
N o .

mean CFE 
(SEM)

mean SF2 

(SEM)
SF2 LQ 

fit
HeLa 1 2.81(0.84) 0.36 (0.95) -

HeLa 3 infected - -

HeLa 10 29.2 (4.23) 0.45 (0.09) 0.40
HeLa 29 54.8 (1.83) 0.34 (0.19) -

HeLa 31 41.8 (3.80) 0.42 (0.11) -

HeLa 39 65.8 (2.85) 0.50 (0.09) -

HeLa 40 46.9 (3.14) 0.44 (0.24) 0.29
HeLa 42 33.1 (3.05) 0.68 (0.22) -

HeLa 53 90.0 (5.83) 0.42 (0.09) -

HeLa 91 40.1 (3.76) 0.39 (0.16) 0.35
HX147 11 28.4 (6.89) 0.67 (0.09) 0.65

EJ30 14 1.75 (0.33) 0.53 (0.12) -

SW48 27 56.9 (3.19) 0.20 (0.07) 0.16
SW48 92 50.6 (4.41) 0.30 (0.15) 0.26
HT29 26 65.1 (1.85) 0.76 (0.06) 0.72

'SF2 LQ fit': SF2 calculated from the fitting of cell survival data with the linear 
quadratic equation

3.4.2. Primary human tumour cultures
The results with primary human tumour cultures are summarised in Tables 3.3, 3.4, 
and 3.5 and are shown in more detail in the Appendix in Table 8.2.

3.4.2.1. Num ber o f  assays perform ed
Modified Courtenay-Mills assays were set up on a total of 59 different human 
tumours. One repeat assay was performed using excess enzyme-digested cell 
suspension which had been stored frozen. Six assays were set up with cells which 
had been cultured for one passage in plastic tissue culture flasks from available 
excess tumour cell suspension. Primary assays had been carried out on 5/6 of these. 
Two additional assays were performed on tumours which were subsequently shown 
to be a basal cell carcinoma and a lipoma, respectively. No growth occurred in either 
assay and they are excluded from the analyses on 'tumour' assays.
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For 52/59 of the primary tumours there was sufficient tumour material to set up 
ATCCS assays simultaneously with the modified Courtenay-Mills assays and in 
32/52 of these, small amounts of excess cell suspension (surplus to requirement) 
were placed in flasks containing growth medium. The comparative results for these 
methods are presented in Chapter 5, Section 5.3.2. A further nine fresh tumour 
samples were obtained which yielded insufficient viable cells to set up either type of 
radiosensitivity assay. The cell suspensions resulting from these tumours were 
placed in plastic tissue culture flasks. Growth of cells was obtained in 2/9 but 1 
subsequently became infected and the other cells senesced before there were 
sufficient to perform a radiosensitivity assay.

3.4.2.2. Success rates
Growth of colonies was observed in a total of 40/59 (68%) primary tumour assays 
and in the one repeat assay performed on the excess enzyme cell digest. In 
accordance with the work of West et al. (1989), successful clonogenic growth was 
defined as a minimum of an average of 10 colonies per test tube at high cell density 
[3]. This successful growth was found in 30/59 (51%) primary assays and the one 
repeat assay (Tables 3.3 and 3.4). No growth at all was found in 15/59 (27%) 
assays. Inadequate growth (< 10 colonies) was found in the remaining 10/59 (17%) 
assays. Infection occurred in 4/59 (6.8%) primary tumour assays. The distribution 
of colony numbers per test tube for the successful assays are shown in Figure 3.3.

The median colony forming efficiency was 0.16% (range 0.01-0.63%). A mean of 
82.7 colonies (SEM 5.6, range 0-549) was obtained in each test tube plated at high 
density (normalised to 5x10^ cells plated, with a mean colony forming efficiency of 
0.18 (SEM 0.02, median 0.16, range 0.01-0.53). For the one successful repeat 
assay the colony forming efficiency of the fresh tumour was 0.03% compared with 
0.63% for the frozen disaggregated cell suspension. Growth of cells in plastic 
flasks from aliquots of excess cell suspension was observed in 27/32 tumour 
samples. This is discussed further in Chapter 5 (Section 5.3.2.4).
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Figure 3.3. A: Frequency distribution of No. of colonies per test 
tube in high density controls for successful Courtenay-Mills assays 
with prim ary tumour cultures. B: values normalised to a plating cell 
density of 5x10^.
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Table 3.3. Success rates with modified Courtenay-M ills assay for
primary human tumour cultures, by tumour type.

Tum our
type

Total 
No. of 
assay s

S uccessfu l
grow th

(>10cols/tube)

Inadequate
grow th

(<10cols/tube)

N 0 
g row th

Infected

Cervix 16 2/16
(13%)

5/16
(31%)

8/16
(50%)

1/16
(6.3%)

Non-small 
cell lung

28 22/28
(79%)

4/28
(14%)

1/28

(4%)
1/28

(4%)
Melanoma 7 4/7

(5%)
0 3/7

(43%)
0

s e e  node 2 0 0 0 2/2
(100%)

s e c  skin 1 1/1
(100%)

0 0 0

s e e  tongue 1 0 1/1
(100%)

0 0

Sarcoma 1 0 0 1/1
(100%)

0

Breast 1 0 0 1/1
(100%)

0

Colon 1 0 0 1/1
(100%)

0

Meningioma 1 1/1
(100%)

0 0 0

Totals 59 30/59
(51%)

10/59
(17%)

15/59
(25%)

4/59
(7% )
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Table 3.4. Modified Courtenay-Mills assay with human tumour biopsy 
specimens (data shown in detail in Table 8.2 in the Appendix).
Tum our type CY

N o.
mean CFE 

(SEM)
mean SF2 

(SEM )
Cervix* 1 no growth -

Tongue* 4 inadequate -

Lung* 5 0.06 (0.004) 0.34 (0.14)
Melanoma 8 no growth -

Meningioma 12 0.25 (0.05) 0.50 (0.10)
Cervix 13 inadequate -

Cervix* 16 inadequate -

Melanoma* 18 0.12 (0.01) 0.43 (0.16)
Cervix 19 no growth -

see skin* 21 0.31 (0.10) 0.37 (0.95)
see node 22 infected -

see node^ 23 infected -

Melanoma 24 0.03 (0.003) 0.55 (0.30)
Cervix 25 infected -

Cervix* 28 0.31 (0.02) 0.21 (0.10)
Cervix 30 inadequate -

Cervix* 32 no growth -

Melanomat 33 0.63 (0.06) 0.55 (0.48)
Cervix* 34 no growth -

Cervix 35 inadequate -

Cervix 36 inadequate -

Melanoma* 38 no growth -

Cervix 41 no growth -

Cervix* 44 no growth -

Cervix 45 no growth -

Cervix 46 no growth -

Colon 47 no growth -

Lung 48 infected -

Lung 49 no growth -

Lung 50 0.08 (0.02) 0.29 (0.32)
Lung 52 0.16 (0.02) 0.72 (0.27)
Breast 54 no growth -

Melanoma 55 0.01 (0.002) 0.79 (0.36)
Lung* 56 0.03 (0.01) 0.22 (0.21)

Sarcoma 57 no growth -

Lung 58 0.02 (0.01) 0.56 (0.47)
Lung 61 0.44 (0.05) 0.47 (0.03)

Cervix 62 0.08 (0.03) 0.18 (0.89)
Lung* 64 0.04 (0.03) too few
Lung 65 inadequate -

Lung 66 inadequate -

Lung 69 0.06 (0.02) 0.16 (0.56)
Melanoma 70 no growth -
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Table 3.4. continued. Modified Courtenay-M ills assay with human
tumour biopsy specimens.
Tumour type CY

N o .
mean CFE 

(SEM)
mean SF2 

(SEM)
Melanoma 72 0.16 (0.02) 0.30 (0.40)

Lung 74 0.16 (0.03) 0.38 (0.09)
lung 75 0.02 (0.02) too few

Lung* 77 0.25 (0.05) 0.55 (0.25)
Lung 78 0.10 (0.02) 0.77 (0.30)
Lung 79 0.27 (0.03) 0.31 (0.39)
Lung 80 0.25 (0.06) 0.28 (0.25)
Lung 81 0.04 (0.01) 0.51 (0.32)
Lung 82 too few -

Lung 83 0.14 (0.05) 0.38 (0.53)
Lung 84 0.25 (0.02) 0.68 (0.13)
Lung 85 0.18 (0.01) 0.46 (0.17)
Lung 86 0.30 (0.05) 0.47 (0.14)
Lung 87 0.53 (0.03) 0.52 (0.10)
Lung 88 0.17 (0.01) 0.43 (0.12)
Lung 89 0.39 (0.04) 0.47 (0.19)
Lung 94 0.32 (0.03) 0.62 (0.13)

Abbreviations
* - frozen sample
cols - colonies
t  - enzyme digest from same tumour sample as CY No. 24
inadequate - No. of colonies in high density tube, A, = < 10 colonies/tube
A - frozen enzyme digest

98



3.4.2.3. Factors influencing growth in primary tum our assays 
Success rates by tumour type are shown in Table 3.3. A high success rate was 
observed for non-small cell lung tumours 22/28 (79%) but a much lower rate was 
found with cervix tumours 2/16 (13%). Small numbers of colonies with 
‘inadequate’ growth were, however, observed in a further 5/16 (31%) of cervix 
assays compared with only 4/28 (14%) in the lung assays. Several factors which 
may have contributed to this low success rate with cervix tumours will each be 
discussed in more detail in turn.

1) Biopsy size and cell yield
The tumour biopsy weights, viable cell yield per gram of tumour and cells plated in 
high density control tubes for the cervix and lung tumours are shown in Figure 3.4. 
The mean biopsy weight of the lung tumours (1.6 g), taken from large surgical 
lobectomy specimens was significantly higher than the mean biopsy weight of the 
cervix biopsies (0.48 g) which were taken with punch biopsy forceps (Wilcoxon 
rank sums p<0.0001). There was, however, little difference in the yield of viable 
cells per gram for the cervix or lung tumours, as detected with the vital stain acridine 
orange/ethidium bromide (mean values 4.3x10^ and 5.1x10^, respectively). For the 
cervix biopsies, however, it was necessary in 13/16 of the assays to plate fewer cells 
than the desired 5x10^ per high density control tube because of inadequate total 
numbers of viable cells. This was less of a problem with the lung tumour assays 
where fewer than 5x10^ cells were plated in only 2/29 assays. The mean number of 
cells plated per test tube for cervix was significantly lower than for the lung tumours 
(3.0 x1Q4, compared with 5.4 xlfi^» respectively. Wilcoxon rank sums p<0.05).
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Figure 3.4. A: Biopsy weight in grams, B: Viable cells/g and C: No. 
of cells plated in the modified Courtenay-Mills assay for cervix and 
lung tumours (horizontal line shows mean value for both tumour 
types).
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2) Collection procedures
The general procedure for handling fresh tumour biopsies was to place the sample in 
high antibiotic medium and then either perform the assay within 12 hours, or to 
freeze the sample as described in Section 2.5. In the case of the cervix tumours, a 
collaboration was set up with Dr Anne Hong at Exeter Hospital to provide more 
cervix biopsies (7 samples ) than would be available at Mount Vernon alone (9 
samples). Samples from Exeter by Dr Hong were placed in medium, kept on ice and 
then transported by train to the Gray Laboratory. 4/7 of these biopsies were then 
frozen on arrival prior to performing the assay, compared with 2/9 of the cervix 
biopsies from Mount Vernon frozen. Low success rates were found in both the 
Mount Vernon and the Exeter samples (successful growth in only 1 fresh biopsy 
from Mount Vernon and 1 frozen biopsy from Exeter) so that the low success rates 
cannot be attributed specifically to the altered handling of the Exeter samples. 
However, a high proportion of the cervix assays were performed after what should 
probably be considered as 'suboptimal' handling. This contrasts with the lung 
tumour samples which were placed immediately in medium in the fridge and then the 
majority of the assays were set up within 12 hours.

3) Assay modifications
Several changes were made to the assay during the first two years of the project. 
During the final year all assays were performed in an identical manner. The main 
factor which changed in this time period was that three different batches of serum 
were used, of which the batch used during the last year supported higher plating 
efficiencies in established human tumour cell lines.

4) Histological types of tumours
For the lung tumours there was little difference in the success rate or plating 
efficiency according to either tumour type or tumour differentiation. Twenty-six of 
the total twenty-eight were non-small cell tumours (8 adenocarcinomas and 13 
squamous cell carcinomas), one was a carcinoid and one a bronchioalveolar 
carcinoma. Of the 26 non-small cell tumours successful growth was achieved in a 
total 21/26 (8/8 adenocarcinomas and 13/17 squamous cell carcinomas).
Histological reporting of the non-small cell lung tumours by the Hospital Pathologist 
classified 3/25 as well-differentiated, 15/25 as moderately-differentiated and 8/25 as 
poorly differentiated. Successful growth occurred in 2/3,11/15 and 8/8 of these 
tumour types, respectively. The mean colony forming efficiency (CEE) for the 
adenocarcinomas was 0.18%, compared with 0.26% for the squamous cell 
carcinomas. For well- differentiated tumours the mean CFE was 0.07%, compared
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with 0.25% and 0.24% for the moderately and poorly-differentiated tumours, 
respectively. None of these differences reached statistical significance.

5) Effect of freezing tumour samples
Freezing of tumour samples prior to performing the assay was carried out for 15/59 
tumours. Overall, freezing of the samples appeared to have little effect on the assay 
success rates or plating efficiencies. Excluding 3 infected assays and 1 assay 
performed on an enzyme digest, successful growth was seen in 23/40 fresh tumours 
and 7/15 frozen tumours. The mean plating efficiency for the 7 frozen assays was 
the same as that for the 28 fresh tumours (0.16%). A trend was observed for a 
higher yield of viable cell per gram of tumour with the fresh tumours (6.3 xlO^/g) 
compared with the frozen tumours (3.1x10^/g) but this difference did not reach 
statistical significance (chi-squared p=0.08).
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3.4.2.4. Measurements o f  SF 2 in primary tum our cultures
Measurements of SF2 were made successfully in 29 of the 30 primary tumour 
cultures in which growth was observed. In the remaining assay, the mean colony 
number at 2 Gy (0.5) was too low to be evaluable. These results are summarised in 
Table 3.5, Figure 3.5 and Figure 3.6 and shown in more detail in Table 3.4 and 
Table 8.2 in the Appendix.

Table 3.5. Summary of primary tumour culture SF2 measurements

No. of
assays

mean
(range)

SEM SD 95% C l CV (%)

29 0.45
(0.16-0.79)

0.03 0.17 0.38-0.51 38

The distribution of SF2 measurements is shown in Figure 3.5. These data are 
normally distributed (Shapiro-Francia p = 0.90) and the coefficient of variation in 
SF2 for the primary tumour cultures is wider than that found with repeat HeLa 
assays (38% c/23%). Further statistical analysis of the data shows that variance in 
SF2 for the primary tumour cultures is larger than the variance for repeat HeLa 
assays but this is of borderline statistical significance (F ratio 3.12. probability > F = 
0.05). This suggests that inter-experimental variation may account for some of the 
apparent inter-tumour differences in SF2 . The SF2 measurements in the only 
duplicate assay on the same tumour sample were both 0.50, exactly.

The range of SF2 measurements for tumours of different types is shown in Figure 
3.6. For the lung tumours, (NSCL), the range of SF2 values was 0.16-0.79, with 
no apparent difference according to histological type. The two cervix tumours were 
radiosensitive with SF2 measurements of 0.18 and 0.21 and the four melanomas 
covered a range of SF2 values from 0.30 to 0.79. The relationship between SF2 and 
CFE for all the primary tumours was examined and there was no correlation between 
these two parameters (r= 0.09, p=0.6).
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Figure 3.5. Frequency distribution of SF% measurements made with
the modified Courtenay-Mills assay.
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Figure 3.6. SF2 measurements for primary tum our cultures in the 
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3.4.3. Passage 1 cell lines
Successful growth in the Courtenay-Mills assay was achieved in 5/6 1st passage cell 
lines derived from tumour biopsies (Table 3.6 and Table 8.3 in the Appendix). The 
mean colony forming efficiency was 0.69%, range 0.08-0.80 and the mean SF2  was 
0.64, range 0.48-0.89. Primary tumour assays had been set up for each of these 
five cell lines but successful growth in the primary tumour cultures was seen in only 
two of these five samples.

It was observed, in the first of these experiments (CY No. 37), that the passaged 
cells had a spindle-shaped morphology resembhng fibroblasts. In the three 
subsequent assays on passaged cervix cells a similar appearance was seen in two cell 
lines, with cells exhibiting a more epithelial-like appearance in the third. These 
results, together with those on immunohistochemical staining, are summarised in 
Table 4.10 (in Chapter 4) and indicate that 3/5 of these 1st passage cell lines may be 
fibroblasts, rather than epithelial cells. This was the first piece of evidence in this 
thesis to suggest that, contrary to established belief, fibroblasts rather than just 
malignant epithelial cells could proliferate in the modified Courtenay-Mills soft agar 
assay and it led to further work to investigate this finding.

Table 3.6. Modified Courtenay-M ills assay for 1st passage hum an 
tum our cell lines

Tum our
type

CY
N o .

mean CFE 
(SEM )

mean SF2 

(SEM)
Po

CFE
Po

S F 2

BreastPl 76 no growth - not done -

CervixPl 51 0.08 (0.02) 0.89 (0.19) no growth -

LungPl 60 1.66 (0.21) 0.60 (0.08) 0.16 0.73
CervixPl 68 0.80 (0.07) 0.49 (0.12) 0.08 0.14

CervixPl 37 0.23 (0.05) 0.75 (0.27) no* growth -

CervixPl 59 0.69 (0.13) 0.48 (0.21) no growth -

PI - 1st passage cells
Po - assay on primary tumour cell line
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3.4.4. Formation o f  fibroblast colonies in soft agar
A total of 65 test tubes in five experiments were examined for colony formation after 
seeding with fibroblasts (Table 3.7 and Figure 3.7). Colonies (>60 p,m diameter) 

were found in agar in all of the test tubes for the three fibroblast strains with an 
overall mean plating efficiency of 0.18%. This compares with a mean plating 
efficiency of 9.6% on bare plastic. The colonies of fibroblasts in agar were all tight 
colonies, indistinguishable in appearance from colonies of established tumour cell 
lines or from primary tumour samples. In some test tubes fibroblast colonies were 
also found attached to the plastic walls but the agar plugs were removed carefully 
and only the colonies wholly within the agar were counted.

Prior to plating, the cell suspensions were examined under light microscopy to 
ensure that a single cell suspension was present. To check that clumps had not 
formed after this procedure, a total of 54 replicate tubes were fixed and stained on 
the first day to count any clumps of cells. Clumps measuring >60 |im in diameter 

were found but the number of clumps was significantly less than the number of 
colonies in replicate tubes incubated for 28 days (overall mean number of clumps 7 
compared with mean number of colonies 56, t statistic -7.8065, p= 0.0001). The 
mean colony size was 160 |im (Standard Deviation 46.7).

In each experiment colonies were removed from agar and placed in plastic tissue 
culture flasks with growth medium. In all cases the colonies were seen to attach to 
the bare plastic and from these, viable cells grew outwards from the colonies to 
subsequently form a confluent monolayer. These cells were morphologically 
identical to cells which had been continuously cultured as a monolayer in tissue 
culture flasks and not passaged in agar.
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Figure 3.7. Colonies of normal human fibroblasts in agar in a
modified Courtenay-Mills assay. Bar=5 mm.
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Table 3.7. Formation of fibroblast colonies in agar.
Exp
N o .

Cell
line

Serum
conc.

No. cells 
plated per 

tube

Mean 
No. of 

colonies  
(SEM)

Plating 
efficiency  

in agar 
(% )

Mean plating 
efficiency on 
bare plastic 

(% )

1 GLHFl 20%
20%

4.4x104
2.2x104

24.5 (3.7) 
33.3 (5.3)

0.11 10.3

2 GLHFl 20% 5.0x104 246
(27)

0.49

3 MRC5 20%
20%
15%
15%

4.8x104
2.4x104
4.8x104
2.4x104

86.0 (2.2) 
68.8 (8.8) 
49.8 (5.4) 
62.7 (3.8)

0.18
0.29
0.10
0.26

8.0

4 MRC5 20%
20%

5.2x104
2.6x104

33.1 (4.5) 
31.8 (5.3)

0.06
0.12

5 GLHF2 20%
20%

5.0x104
2.5x104

47.1 (8.9) 
40.7 

(10.5)

0.09
0.16

10.6

Abbreviations
Exp - experiment
Serum conc. - serum concentration

3.4.5, Formation o f  colonies in agar from  normal lung biopsies 
The growth of normal lung in the modified Courtenay-Mills assay was investigated 
by setting up two assays with biopsies of normal lung, taken from normal peripheral 
lung tissue away from the site of the primary tumour. These normal lung biopsies 
contained no macroscopic tumour and adjacent normal lung contained no 
microscopic tumour. Colonies were formed in agar in both assays from normal lung 
with plating efficiencies of 0.30% and 0.33%, comparable with plating efficiencies 
in the parallel tumour assays of 0.33% and 0.39%, respectively. Colonies in agar 
from the normal lung were indistinguishable on the basis of gross morphology from 
colonies grown from the lung tumour biopsies. Detailed characterisation of colonies 
removed from agar was performed.
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3.4.6. Characterisation o f  colonies in primary tum our cultures
Colonies were characterised using one or more of three diagnostic criteria:
(i) immunohistochemical staining of individual colonies.
(ii) the morphological appearance of cells cultured from colonies which had been 

removed from agar and placed in plastic tissue culture flasks.
(iii) the appearance of cells using transmission electron microscopy.

For each of these criteria, known tumour cell lines and fibroblasts were used as 
controls. Individual colonies were removed from agar using a 25 G needle under 
light microscopy. Satisfactory samples for characterisation were obtained for seven 
tumour cultures.

3.4.6.1. Morphological appearance o f  cells cultured in agar
Colonies from the 5/7 tumour samples and from the two normal lung samples were 
transferred to tissue culture flasks containing growth medium (average 10 colonies 
per sample). Cells from colonies were observed to attach to the plastic and 
proliferate as a monolayer to form near confluent cultures within 3-7 days. In all 
five cultures from tumour samples the majority of the cells had a spindle-shaped 
appearance which resembled fibroblasts more closely than known epithelial cell 
lines. In each flask occasional cells were noted which did have a more epithelial 
appearance but these cells became overgrown by the spindle-shaped cells. Cultures 
derived from normal lung were indistinguishable in appearance from the lung tumour 
cultures (Figure 3.8).

3.4.6.2. Im m unohistochem ical staining
Immunohistochemical staining was performed on four primary cultures from non
small cell lung cancers and two cultures from normal lung. Control epithelial cell 
lines grown as monolayers showed positive staining with the cytokeratin antibodies, 
CK, MNF116 and negative staining with the fibroblast antibody Dako 5B5. 
Conversely, known fibroblast strains showed positive staining with Dako 5B5 and 
negative staining with CK, MNFl 16. These results are summarised in Table 3.8 
and examples of immunohistochemical staining are shown in Figure 3.9. Each of 
the lung tumour cultures and both normal lung cultures contained a proportion of 
colonies which stained positive with CK, MNF116 and a slightly higher proportion 
which stained positive with 5B5. This finding could be due to the cultures 
containing some epithelial colonies and some colonies comprising fibroblastic cells. 
The proportion of colonies showing negative staining with either antibody, however, 
is slightly lower than would be expected. This may have occurred by chance
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because of sampling small numbers of colonies but it might also be due to some 
degree of cross-reactivity between the antibodies. One possible explanation for 
some degree of cross-reactivity is that the cytokeratin antibodies CK, MNFl 16 may 
have stained both epithelial cells and the myofibroblastic cells which were seen with 
transmission electron microscopy (Section 3.4.6.3).
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Figure 3.8. Morphological appearance of cells in culture in tissue 
culture flasks. Bar in each photograph = 100 |im .

3.8 A. Cells derived from colonies removed from soft agar for a 
culture of normal lung.

3.8 B. Cells derived from colonies removed from the Courtenay-Mills 
assay for a culture of a non-small cell lung tumour.
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3.8 C. Cells from normal lung cultured directly in a flask.

3.8 D. Cells from a non-small cell lung tumour cultured directly in a 
flask.
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3.8 E. Early passage skin fibroblasts.

3.8 F. Macrophages in culture derived from peripheral blood 
m onocytes.
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Figure 3.9. Examples of immunohistochemical staining. Bar in each 
photograph=100 pm.
3.9 A. Control lung carcinoma cell line (A549) staining positive for 
cytokeratin antibodies (CK, MNF116). Bar=100 pm.

3.9 B. Control lung carcinoma cell line (A549) staining negative for 
fibroblast antibody (Dako 5B5). Bar=100 pm.
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3.9 C. Control fibroblasts staining negative for cytokeratin antibodies 
(CK, MNF116). Bar=100 jiin.

3.9 D. Control fibroblasts staining positive for fibroblast antibody 
(Dako 5B5). Bar=100 |xm.
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3.9 E. Colony in agar from non-small cell lung carcinoma
(CY 89) staining positive for cytokeratin antibodies (CK, MNF116).
Bar=100 pm.

3.9 F. Colony in agar from non-small cell lung carcinoma 
(CY 94) staining positive for fibroblast antibody (Dako 5B5).
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3.9 G. Colony from a primary culture of normal lung, fibroblast 
antibody positive (Dako 5B5). Bar=100 |im .
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3.4.6.3. Transmission electron microscopy
Transmission electron microscopy (TEM) was performed by Dr Brian Eyden at the 
Christie Hospital on seven tumour assays and two normal lung assays, including the 
samples on which detailed immunohistochemical staining had been performed (Table 
3.8, Figure 3.10). For each assay, only two or three colonies were examined but 
within each colony the number of cells examined was between 20 and 100 (mean 
70). A typical appearance of one of the colonies is shown in Figure 3.11. Epithelial 
features such as tonofibrils, desmosomes and lumina were absent from all cells in 
these colonies. By contrast, these cells often revealed features typical of fibroblasts 
or myofibroblasts:- abundant rough endoplasmic reticulum cistemae, and the 
peripheral smooth-muscle type filaments and extracellular fibrils which together 
suggested fibronexus junction formation [111]. Two colonies from each of two 
assays of normal lung were studied in which totals of 50 and 120 cells were 
examined respectively, and for the skin fibroblast culture on plastic, 20 cells were 
examined. The cells in colonies from normal lung and skin fibroblasts were similar 
to the tumour colony cells in looking fibroblastic or myofibroblastic, and non- 
epithelial.

Of the carcinoma cell lines A549, the breast carcinoma cell line and HeLa cells 
grown on plastic, 20,40 and 20 cells were examined, respectively. All three cell 
lines revealed unambiguous evidence of epithelial differentiation, in particular 
numerous tonofibrils which in A549 and the breast carcinoma cell line were 
especially well-developed. Well-formed desmosomes were also present in A549 and 
the breast carcinoma cell line although they were absent from HeLa cells. Structures 
resembling fibronexus junctions were absent.

One possible explanation for the absence of epithelial features in the tumour assays is 
that they may have been lost during culture but this phenomenon was not observed 
in the established tumour cell lines which retained characteristic epithelial features 
under TEM. The absence of any colonies showing epithelial features is surprising if 
the cultures did in fact contain a mixture of fibroblastic and epithelial colonies. If the 
seven tumour cultures from which cells were examined are considered as a ‘pooled' 
large tumour culture, from which 18 colonies were sampled, the probability of 
finding no tumour cells only reaches statistical significance if the culture contained, 
overall, <15% tumour cells and >75% stroma. This is demonstrated in more detail 
in Table 3.9 where the probabilities have been calculated for finding no tumour cells 
and only fibroblast colonies from cultures containing varying proportions of tumour 
and normal cells, with sampling of a total of 18 colonies. These results suggest that
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Table 3.8, Characterisation of primary tumour cultures in the modified Courtenay-Mills assay

VO

Sample details Staining with 
CK, MNF116

Staining with 
5B5

Morphology 
of cells on 

plastic

TEM
findings

NSCL tumour (Cy 80) 2/6 colonies +ve 12/15 colonies +ve spindle-shaped necrotic

NSCL tumour (Cy 88) 1/50 cells +ve 
(cytospin)

Inadequate sample - myofibroblastic

NSCL tumour (Cy 89) 7/11 colonies +ve 10/13 colonies +ve spindle-shaped myofibroblastic

NSCL tumour (Cy 94) 3/4 colonies +ve 8/8 colonies spindle-shaped myofibroblastic

Normal lung 1 3/4 colonies +ve 6/7 colonies +ve spindle-shaped myofibroblastic

Normal lung 2 2/3 colonies +ve 4/6 colonies +ve spindle-shaped myofibroblastic

Controls
HeLa +ve -ve epithehal epithelial

A549 +ve -ve epithelial epithelial

Breast tumour cell line +ve -ve epithelial epithelial

Skin fibroblasts -ve +ve spindle-shaped fibroblastic



a high proportion of the cells cultured may in fact be fibroblasts rather than tumour 
cells. Within each colony the cells all had a similar appearance which is consistent 
with a clonal origin from a single cell.

Table 3.9. Probabilities of finding no tumour cells on sampling 18 
colonies from cultures containing varying proportions of tumour 
c e lls .
Theoretical percentage of tumour 

colonies in a primary tumour 
culture

Probability of finding no tumour 
cells on sampling 18 colonies

90 p=10"^^
50 P=3.8x10‘6
25 p=0.006
15 p=0.05
10 p=0.15
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Figure 3.10. Transmission electron micrographs. 
Bar=l pm in each photograph.

3.10 A.
Skin-derived fibroblast 
cultured on plastic coverslip. 
Note conspicuous rough 
endoplasmic reticulum 
(arrowhead) and modest 
band of fine filaments 
(large curved arrow) with a 
focal density (small curved 
arrow).

3.10 B.
Breast carcinoma cell line 
cultured on tissue culture 
plastic flask. Note 
well-developed dense 
tonofibrils (t) and 
desmosome (d).
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3.10 C.
Normal lung tissue cell from a 
colony in soft agar, containing 
abundant rough endoplasmic 
reticulum (arrowhead) and 
exhibiting an extracellular 
fibril (f) suggesting 
fibronexus junction formation.

3.10 D.
Lung carcinoma tissue cell 
from a colony in soft agar 
(same patient as C), also showing 
abundant rough endoplasmic 
reticulum (arrowhead) 
and extracellular fibrillar A)'.;;
material (f) suggesting 
fibronexus junction formation.

^ 0 #
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Figure 3.11. 1 }im section stained in toluidine blue from a TEM block 
of a colony from agar-cultured lung carcinoma. Arrowheads indicate 
cells whose orientation within the section reveals spindled 
morphology. Bar = 20 |Lim.
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3.5. Discussion
In the experiments with established tumour cell lines there was good agreement 
between the SF2 measured directly from two dose points (0 and 2 Gy) and the SF2 

derived from the linear quadratic equation to fit cell survival data for a range of doses 
from 0 to 5 Gy. This supports the use of two dose points for measuring SF2 in the 
primary tumour assays where there is often inadequate tumour material to perform 
full cell survival curves. In repeat experiments on HeLa cells there was a range in 
the measurements of SF2 (0.25-0.68), with a mean value of 0.41 and coefficient of 
variation of 23%. In these assays the experimental protocol was kept constant and 
there were no obvious reasons as to why this variation should have occurred. This 
inter-experimental variability is therefore likely to represent experimental error and 
indicates the low degree of precision which can be placed on a single measurement 
of SF2 .

For the primary tumour assays, the mean SF2 was 0.45 with a range from 0.16 to 
0.79 and coefficient of variation (CV) of 38%. Davidson et al. (1990) found a 
similar range of SF2 measurements in primary cervix tumour cultures with mean of 
0.47, range 0.13-0.97 and CV of 38% and concluded that there were statistically 
significant differences in inter-tumour measurements of SF2 [112]. In the study 
presented here, the coefficient of variation in SF2 was larger for primary tumour 
cultures than for repeat HeLa assays (38% cf 23%) but the difference in variances 
for the primary tumour assays and the repeat HeLa assays was of borderline 
statistical significance (p=0.05). These results suggest that some of the inter-tumour 
variation in SF2 may have been due to inter-experimental variability, rather than due 
to real differences between tumours.

In this project a high success was found with non-small cell lung tumours but 
disappointing results were found with cervix tumours. Several possible reasons for 
the low success rate with the cervix tumours have been considered, (Section 
3.4.2.3), including the biopsy size, viable cell yield per gram of tumour, number of 
cells plated per test tube, possible suboptimal handling of samples and the fact that 
the majority of the cervix assays were set up in the relatively early stages of this 
project prior to optimisation of the assay with a different batch of serum. Compared 
with the results found by West et al. (1993) the mean biopsy mean weight of the 
cervix tumours was very similar (0.48 g c/0.46 g) but viable cell yield per gram of 
tumour was lower (4.3 x 10^ c/2.5 x 10^) [51]. This lower yield of viable cells 
may have been due to suboptimal handling of samples with delays in setting up some 
of the assays. The consequence of this lower yield was that in 13/16 assays on
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cervix tumours it was not possible to set up standard assays because of insufficient 
cells and fewer cells were plated. Thus, suboptimal handling is the most likely cause 
for the lower success rates with cervix tumours in this project, although improved 
success rates may have been achieved if the assays had been set up later on in the 
study with a different batch of serum and when more experience had been obtained 
in carrying out this assay.

For all of the primary tumour cultures the median colony forming efficiency was 
higher than that found by West et al. (1993) (0.16% compared with 0.06%, 
respectively) but this is still a low value, raising concern as to whether or not these 
clonogenic cells are representative of all the cells within a tumour [51]. In a study of 
primary tumour cultures using both the original assay protocol and agar diffusion 
chambers implanted into pre-irradiated mice, Courtenay et al. (1978) found a high 
success rate for ovarian ascites specimens and melanomas but lower success rates 
with other tumour types including breast and colorectal tumours [113]. The range of 
colony forming efficiencies was 0.01-15% with the higher values for melanoma or 
ovarian tumours. Interestingly, many of the tumours were able to grow in one or 
other of the tumour assays but not in both e.g. for melanomas, 7/14 tumours grew in 
the original Courtenay-Mills assay c/8/14 in agar diffusion chambers and only 3/14 
tumours grew in both assays simultaneously. This suggests that particular growth 
conditions may be suitable for certain tumour types but not for others. The use of 
additional growth factors in the modified Courtenay-Mills assay may account for the 
high success rates of West et al. (1993) with primary tumour cultures compared with 
the original Courtenay-Mills assay [51].

The unexpected finding in this work was that normal human fibroblasts can 
proliferate in soft agar. Similar protocols are widely in use for measuring the 
radiosensitivity and chemosensitivity of tumour cells but detailed characterisation of 
all colonies grown in agar is difficult to perform and is not practical in a large clinical 
study. It is now known that anchorage independence can be induced by a number of 
different mechanisms, including the production of growth factors that act in an 
autocrine manner, alterations in the number or structure of cellular receptors or a 
change in the post-receptor signalling pathways [114]. Growth factors which have 
been shown to influence the growth of rat fibroblasts in soft agar include platelet 
derived growth factor (PDGF), EGF, Transforming growth factor P (TGFP) and 

fibroblast growth factor (FGF)[105]. Serum concentration and cell density have 
also been shown to modify the growth of human fibroblasts [115]. Fresh human 
tumour biopsies contain host cells in addition to the tumour cells and co-culture of
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normal and tumour cells may lead to either enhanced tumour or normal cell growth 
due to the production of diffusible growth factors [116,117]. In the case of lung 
tissue, high levels of TGFp have been found in the epithelial lining fluid of normal 

lung [118]. The specific culture conditions provided by the modified Courtenay- 
Mills assay described here include plating at high cell density, high serum 
concentrations and the presence of additional growth factors. These may all be 
contributing to the loss of anchorage dependence observed in this study, in addition 
to the effect of co-culturing mixed cell types present in fresh tumour samples.

Accurate identification of tumour cells in culture, as distinct from non-neoplastic 
tumour cells, can be difficult because the phenotypic characteristics of cells can 
change under in vitro conditions and there is no single marker for identifying all 
tumour cells. Valuable information can be obtained from the antigen expression of 
cells, morphology, ultrastructural features on electron microscopy, DNA analysis 
with flow cytometry and the ability of cells to form tumours in nude mice [119]. 
Where possible, several of these different methods should be used to try to identify 
tumour cells in culture but for radiosensitivity assays on fresh tumour material this is 
difficult in practice because the number of 'spare' colonies for analysis is small. For 
aneuploid tumours the demonstration by flow cytometry of aneuploid cells in culture 
is unequivocal evidence for the presence of tumour cells in culture but relatively large 
numbers of cells are needed and it does not characterise individual colonies. 
Interestingly, Tveit et al. (1985) used this method and demonstrated that for 17 
aneuploid tumours, all cultures contained aneuploid cells [120]. It was also noted, 
however, that in 5/17 of the aneuploid tumours diploid cell populations were 
observed in the cultures in addition to the aneuploid cells. This may have been due 
to the emergence of a diploid tumour cell subpopulation but it can also be interpreted 
as evidence for a mixed population of tumour and normal cells in the culture.

In this study, the evidence that normal skin fibroblasts and cells from normal lung 
can proliferate in soft agar is unequivocal. The plating efficiencies of fibroblasts in 
soft agar were, however, reduced compared with plastic. Morphological, 
immunohistochemical and electron microscopy findings of colonies of normal lung 
showed that these cells were fibroblastic in origin, rather than epithelial, with 
electron microscopy suggesting a degree of myofibroblastic differentiation. None of 
the cells examined had any features to suggest that they were haemopoietic cells. 
Fibroblastic cells, which were indistinguishable from the cells isolated from normal 
lung cultures, were also found in primary tumour cultures, demonstrating that

126



fibroblast contamination can occur in the modified Courtenay-Mills assay. This was 
an unexpected finding and the results from this work have been published [121].

In summary, a high success rate was found with this assay during the last year of the 
project, mainly with non-small cell lung tumours. Several factors limiting the 
clinical usefulness of this assay which have been reported by other workers were 
confirmed, including the long time period to obtain a result, a low colony-forming 
efficiency and inter-assay variability. In addition, it was demonstrated that this assay 
method is not specific for culturing tumour cells and that fibroblast contamination 
may occur. This was an important finding which emphasises the importance of 
trying to characterise all primary tumour cultures.
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Chapter 4

M easurement of human tumour radiosensitivity using the 
Adhesive Tumour Cell Culture System

4.1. Introduction

The Adhesive Tumour Cell Culture System was developed as a short-term growth 
assay by Baker et al. (1986) to overcome some of the problems encountered in 
growing human tumour cells in clonogenic assays [52]. Initial encouraging results 
reported by Brock et al. (1990) led to the work undertaken in this thesis [4]. This 
assay has been discussed in the introduction (Section 1.4.2) and the detailed method 
has been described in Section 2.4.

4.2. Aims

The purpose of this work was to investigate the ATCCS assay as an alternative to a 
soft agar clonogenic assay for measuring the intrinsic radiosensitivity of fresh human 
tumour biopsies. The preliminary work involved validating this assay method with 
established tumour cell lines. The assay was then studied with a range of different 
tumour types looking at the assay success rate and the characteristics of cells cultured 
in this assay. The proliferation of normal fibroblasts on the ATCCS plates was also 
investigated. Results with the ATCCS assay are presented in this Chapter. The 
results comparing the ATCCS assay with the modified Courtenay-Mills assay are 
presented in Chapter 5.
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4.3. M aterials and methods

4.3.1. C alibration o f  M agiscan m easurem ents o f  lO D  with  
spectrophotometer readings
Stock crystal violet solution was freshly prepared as described in Section 2.14.8 and 
diluted 1 in 50,000 with 100% ethanol so that readings could be obtained with a 
spectrophotometer. The absorption peak for crystal violet was established at 
592 nm. Further dilutions of crystal violet were then made with 100% ethanol. For 
each dilution, 0.5 ml solution was aliquoted into four labelled wells of an unused 
ATCCS plate and the lOD measured using the Magiscan (Section 2.4.4). The only 
modification made to this procedure from reading stained plates of cultured cells was 
that the plates containing crystal violet solution were kept upright rather than inverted 
and the blank background plate was also read this way round. Measurements of 
lOD from the Magiscan were compared with readings of optical density obtained 
with a spectrophotometer.

4.3.2. Calibration o f  cell number with Magiscan measurements o f  lOD  
The aim here was to validate the assumption that measurements of lOD are 
proportional to the number of cells per well. This was initially investigated by 
plating known numbers of HeLa cells into multiwell plates and incubating the plates 
for 6 days. After this time, some of the plates were fixed and stained for reading 
with the Magiscan while cells in replicate plates were removed using 0.05% trypsin/ 
0.02% EDTA (Hyclone Europe Ltd. Cat. No. B3053D) and counted using a 
haemocytometer. With this method, however, it was found to be extremely difficult 
to remove all the cells from individual wells containing the CAM coating, despite 
incubation times of 30 minutes up to 1 hour and the investigation of higher 
concentrations of trypsin. This led to concern that the cell counts yielded by this 
method might be inaccurate. There was also the potential problem with this method 
that the growth of cells over 6 days may not be linearly related to the initial cell 
density. An alternative method for calibrating cell number versus Magiscan lOD was 
therefore investigated in which known numbers of cells were plated and incubated 
for 6 hours. Plates were fixed after this time period so that cell attachment had 
occurred but there was inadequate time for significant cell division. In the final 
experiment in which this was investigated, the medium in the wells removed prior to 
fixation was also examined and a count of cells present made. The count of 'cells 
plated' was then corrected by subtracting this number.
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4.3 .3 . E ffe c t  o f  tim in g  o f  f ix a tio n  on m easurem en ts  o f  
rad iosensitiv ity
The standard method for determining the time of fixation of the ATCCS assays was 
to observe each assay daily and to fix all the plates when the high cell density culture 
had reached near confluency and when there was adequate cell growth in the lower 
cell density wells. As this was a subjective evaluation, the effect of fixing assays 
after differing time intervals was investigated for HeLa cells by fixing replicate 
assays after 4, 5, 6, 7, 8 and 9 days in culture.

4.3.4. Optimisation o f  culture conditions with the ATCCS
Initial poor success rates in culturing cells from fresh tumour biopsies led to the 
introduction of several modifications to the original protocol which have been 
described in Section 2.4.2. In addition to these modifications, it was found that pale 
staining of some assays occurred with the use of crystal violet solution 2 (Section 
2.14.8), resulting in low Magiscan readings of lOD. For this reason the crystal 
violet solution was changed to Solution 1 (Section 2.14.8) on the advice of Dr Bill 
Brock who had found this to give darker staining and higher readings of lOD. All of 
the calibration experiments presented in this Chapter were carried out with crystal 
violet solution 1. The assay protocol was kept constant from the start of July 1992 
onwards (assays from number A 100 and above).

4.3.5. Characterisation o f  tum our cell cultures
Sterile plastic coverslips coated with cell adhesive matrix were placed at the bottom 
of spare wells in the multiwell plates, whenever they were available. Initially, these 
were marketed by Baker's Dozen (CAM-slip Cat No. 5-9100), but with changes in 
the company they were no longer available routinely and were kindly prepared 
specially for this purpose by Dr Baker. Cells from the tumour cell suspensions were 
cultured on these coverslips in an identical manner to the cells seeded in other wells. 
At the time that the rest of the plate was ready for fixation, the coverslips were 
removed from the multiwell plates, washed gently in PBS and then either fixed for 
transmission electron microscopy (Section 2.12) or fixed for immunohistochemical 
staining. Fixation in 70% ice cold ethanol for 10 minutes was found to give 
satisfactory results for immunohistochemical staining, although high background 
staining was found on the coverslips.
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4.3.6. Culture o f  tum our samples in uncoated 24-multiwell plates and  
tissue culture fla sks
A comparison was made between the CAM-coated multiwell plates and identical 
uncoated tissue culture plastic multiwell plates (COSTAR 3424) for the culture of 
cells from tumour cell suspensions. Aliquots of any excess tumour cell suspension 
were also placed in 75 ml tissue culture flasks with growth medium.

4.4. Results

4.4.1. O ptim isation o f  the Joyce-Loebl M agiscan im age analysis 
system
The ATCCS assay developed by Baker et al. (1986) used an earlier model (M2A) of 
the Joyce-Loebl Magiscan image analysis system [52]. During the initial calibration 
of the Magiscan image analysis system used in this project (model MD) variations of 
10-20% were found in repeat measurements of optical density for a single culture 
well. Several factors were considered as possible contributors to these errors: poor 
alignment, the presence of stray light, the use of white light containing non- 
informative wavelengths, camera linearity and the resolution and dynamic range of 
the camera and analogue to digital converter. These were investigated by examining 
the effect of the following factors on the reproducibility of lOD measurements: lights 
on or off in the room, black blind on window and curtain around set-up, use of a 
CCD camera compared with a Vidicon camera and a narrow band-pass filter near the 
maximum absorption peak {X= 592 nm +/- 5 nm) in the spectrum of crystal violet. 

The results of mean lOD and coefficient of variation with 20 replicate measurements 
on a single well under differing optical conditions are shown in Table 4.1 and Figure
4.1. These show a reduction in the coefficient of variation for repeat readings at low 
cell numbers from 27% to 2.6% and an increase in the dynamic range for readings, 
thereby increasing the sensitivity of the system. These investigations led to the 
introduction of a new alignment jig, use of a CCD camera with a 592 nm filter and 
the use of a black curtain and blinds as a part of the standard procedure for reading 
stained multiwell plates with the Magiscan (Section 2.4.4.2). Modifications were 
also made to the software of the image analysis system (Section 2.4.4.B).
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4 .4 .2 . C a lib ra tio n  o f  M agiscan  rea d in g s  o f  lO D  versus  
spectrophotom eter readings
A comparison of readings of optical density of crystal violet solutions made with the 
Magiscan and the spectrophotometer showed a near linear relationship for Magiscan 
readings of lOD up to 2000 (Figure 4.2). The spectrophotometer readings were 
completely linear over this range and the small deviations from hnearity in Figure 4.2 
are caused by the Magiscan readings. A repeat experiment confirmed this near linear 
relationship up to Magiscan readings of 3000 which is higher than any of the 
readings obtained with tumour assays with the ATCCS (maximum 2700).
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Table 4.1. Variation in 20 replicate readings of Magiscan lOD under 
differing optical conditions.

Number of 
cells plated

4000 2000 1000 500

Mean number 
of cells per 

w ell 
(7 days 
growth)

1.58 X 10<> 0.96 X 10f> 0.58 X 10^ 0.25 X 10^

mean
lOD

CV
(%)

mean
lOD

CV
(%)

mean
lOD

CV
(%)

mean
lOD

CV
(%)

Joyce-Loebl 
vidicon  

camera, no 
filter, lights 
off, curtains 

and blinds

494 9.0 421 10.9 290 16.2 221 22

CCD camera, 
no filter, 

lights on, no 
curtains or 

blinds

669 6.4 589 6.3 473 11.1 390 15

CCD camera, 
no filter, 

lights off, 
curtains and 

blinds

646 4.7 558 5.4 422 7.2 345 8.9

CCD camera, 
592 nm filter, 
lights on, no 

curtains or 
blinds

1077 2.1 903 2.2 647 2.7 503 4.1

CCD camera, 
592 nm filter, 

lights off, 
curtains and 

blinds

1157 1.6 943 2.5 653 3.5 503 2.6
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Figure 4.1. Variation in Magiscan lOD measurements under differing 
optical conditions. Points show single readings in a well of a 'CAM' 
plate.
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4.1 C.
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F ig u re  4.2. R e la tio n sh ip  betw een M ag iscan  lO D  and 
spectrophotom eter optical density m easurem ents for solutions of 
crystal violet. Points represent mean values of 4 replicate readings, 
with standard deviations shown as error bars.
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4.4.3. Calibration o f  cell number versus Magiscan lOD  
Figures 4.3 - 4.5 show the results of experiments with differing numbers of HeLa 
cells plotted against Magiscan readings of lOD. The method used in the first two of 
these experiments (Figures 4.3A and 4.3B) involved counting cells removed by 
trypsin/EDTA but there was concern about the accuracy of this technique because it 
was difficult to remove all of the cells. For this reason, subsequent experiments 
(Figures 4.4 and 4.5 were performed by plating higher numbers of cells and fixing 
the plates after 6 hours [Section 2.4.3]). With both of these methods, the results 
show an initial near linear relationship between cell number and lOD. For higher cell 
numbers, however, it was observed that the lOD readings tended to saturate and that 
there were large variations in readings of individual wells. The relationship between 
cell number plated and cell counts after 6 days in culture shows a similar linearity at 
low cell density and tendency to saturate at higher cell densities. This suggests that 
some degree of the relative reduction in OD in the high density wells may be due to 
growth inhibition in addition to possible non-linear readings of OD due to 
quantisation of light intensity measurements. The fact that this was also observed in 
the high cell density wells of plates fixed after 6 hours also suggests that tightly 
packed confluent cultures will give lOD readings which underestimate the cell 
numbers present. For these reasons, high density well readings where this 
phenomenon was observed were excluded from the data analysis (Section 2.4.5).
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Figure 4.3. Relationship between M agiscan lOD readings and 
numbers of HeLa cells in two experiments, A and B, with the ATCCS 
showing both the initial number of cells plated and the num ber of 
cells counted after 6 days in culture.
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Figure 4.4. Relationship between Magiscan lOD readings and number 
of HeLa cells plated in the ATCCS assay. Plates were fixed and 
stained 6 hours after plating.
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Figure 4.5. Relationship between Magiscan lOD readings and number 
of HeLa cells plated in the ATCCS assay, with num ber of cells 
corrected for cells lost in the supernatant. Plates were fixed and 
stained 6 hours after plating. Points represent mean values from 6 
replicate readings with standard deviations shown as error bars.
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4 .4 .4 . E ffe c t  o f  tim in g  o f  f ix a t io n  on m ea su rem en ts  o f  
rad iosensitiv ity
Table 4.2 shows the SF2 measurements for nine replicate assays with HeLa cells set 
up on the same day but fixed after a range of differing time periods in culture (4-9 
days). According to the original Houston protocol, plates were fixed on the day 
when cells in the high density wells had achieved near confluency and in this 
experiment this would have been Day 7. Within 2 to 3 days of this time period there 
was generally good agreement in SF2 measurements, within the range found with 
repeat HeLa assays on different days (Table 4.3). Overgrowth of cells in all the high 
cell density control wells could theoretically lead to an underestimation of cell 
number in the control wells, thereby resulting in apparent radioresistance and this 
was observed in some experiments with other cell lines. Within the time period used 
in this experiment cell overgrowth was observed in only one assay in the control 
wells of the Day 9 culture. The SF2 measurement in this assay was higher than the 
mean value but was within the range observed in one of the experiments fixed on 
Day 5. The overall mean HeLa SF2 in these experiments was 0.45, SEM 0.03, CV 
20%.

Table 4.2. Nine replicate ATCCS assays with HeLa cells showing 
effect of num ber of days in culture on m easurem ents of SF2 .

No. of days in culture S F 2 (SEM)
4 0.46 (0.21)

5 0.60 (0.04)

5 0.43 (0.10)

6 0.48 (0.03)

6 0.39 (0.05)

7 0.33 (0.02)

7 0.33 (0.02)

8 0.48 (0.02)

9 0.55 (0.02)
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Table 4.3. ATCCS assay for established human tumour cell lines.

Cell line Assay
N o .

SF2
(SE M )t (SE M )t (S E M )t

Days in 
culture

HeLa* A2 0.32(0.04) 0.41(0.12) 0.08(0.03) 10

HeLa* A22 0.29(0.06) 0.61(0.10) 0 8
HeLa* AH3 0.35(0.11) 0.09(0.28) 0.21(0.07) 10

HeLa* A37 poor growth - - -

HeLa* A41 0.63(0.07) 0.23(0.06) 0 7
HeLa* A l l 0.30(0.04) 0.45(0.11) 0.08(0.03) 7

HeLa* A74 0.58(0.12) 0.10(0.19) 0.09(0.05) 7

HeLa* A76 0.52(0.05) 0.24(0.09) 0.04(0.02) 7

HeLa* A103 0.35(0.05) 0.43(0.13) 0.05(0.03) 6
HeLa* A157 0.42(0.03) 0.29(0.06) 0.07(0.01) 7

HeLa A20 poor growth - - -

HX147* A3 0.50(0.07) 0.35(0.07) 0 12

HX147 A14 0.18(0.01) 0.85(0.03) 0 13
EJ30* A6 0.74(0.08) 0.15(0.06) 0 9

SW48* A34 0.77(0.30) 0.10(0.35) 0.01(0.08) -

SW48* A158 poor growth - - -

SW48 A45 0.31(0.06) 0.17(0.33) 0.21(0.13) 13

HT29* A33 poor growth - - -

HT29* A159 0.84(0.03) 0 0.04(0.01) 20
HT29 A46 0.86(0.02) 0 0.04(0.01) 13

Abbreviations
* modified Courtenay-Mills assay performed simultaneously with ATCCS assay 
(SEM)t - standard error of the mean calculated from the fit of the linear quadratic 
equation to the cell survival data
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4.4,5. M easurem ents o f  radiosensitivity in established tum our cell 
lin es .
In addition to the nine ATCCS assays on HeLa cells investigating the effect of timing 
of fixation on SF2 measurements (Section 4.4.4), a further twenty assays were 
performed on a range of different cell lines (11 HeLa, 2 HX147, 1 EJ30, 3 SW48, 3 
HT29). Measurements of radiosensitivity were made successfully in 16/20 assays 
(Table 4.3). Uneven growth was observed with all of the colon carcinoma cultures 
(SW48 and HT29) and in 2/6 of these experiments the growth of cells was 
inadequate to measure SF2 . Poor growth was also found in 2/11 HeLa assays. For 
the nine repeat HeLa assays there was a range of SF2 measurements with a mean 
value of 0.42 and CV of 31% (Table 4.4, Figure 4.6). These data are normally 
distributed (Shapiro-Francia Z=0.85, p = 0.20). Over the range of cell survival 
shown in Figure 4.6. there appears to be a 'drift' away from the LQ curve at doses 
above 3 Gy.

Table 4.4. Summary of HeLa SF2 m easurem ents with the ATCCS 
(data shown in detail in Table 4.3).

No. of 
assay s

mean
(range)

SEM SD 95% C l CV (%)

9 0.42
(0.29-0.63)

0.04 0.13 0.32-0.52 31

143



F ig u re  4.6. Cell survival curve for HeLa cells from nine repeat 
experiments with the ATCCS. A. Individual data points shown.
B. Data as in A, above, with only mean values shown.
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B .
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4 .4 .6 . P r im a ry  h um an  tu m o u r  cu ltu res

4.4.6.1. Num ber o f  assays perform ed and assay modifications 
ATCCS assays were performed on a total of 66 different human tumour biopsies. 
One repeat assay was performed using excess enzyme-digested cell suspension 
which had been stored frozen. Twelve assays were set up with cells which had been 
cultured in plastic tissue culture flasks from excess tumour cell suspension for one 
passage and one further repeat assay was set up with 2nd passage cells. Primary 
assays had been carried out for 11/12 of these tumour samples. The results with 
primary cultures using the ATCCS assay are shown in Tables 4.5,4.6 and 4.7. For 
52/66 of these tumour biopsies there was sufficient tumour material to set up 
modified Courtenay-Mills simultaneously with the ATCCS assays and in 32, small 
aliquots of excess cell suspension were placed in tissue culture flasks containing 
growth medium.

The first 16 ATCCS assays on primary cultures were carried out using the original 
protocol. A comparison of the viable cell yield per gram of tumour with the original 
ATCCS enzyme digest protocol and the enzyme digest protocol used in the modified 
Courtenay-Mills assay for 11 of these tumours showed little difference between 
these two methods (mean viable cell yields per gram of tumour: Courtenay-Mills 
2.86 X 10^ c f 4.87 xlO^ for ATCCS assay. This difference is not statistically 
significant. Student's t test p=0.33). In subsequent experiments the modified 
Courtenay-Mills enzyme digest protocol was used as standard for the ATCCS assay 
and in cases where there was sufficient tumour to perform both assays 
simultaneously, cells were used from a single stock suspension for both assays. 
This had the practical advantage that it enabled the ATCCS assay to be set up in a 
shorter time period and it also enabled a more valid comparison to be made between 
the assays by using cells from the same piece of tumour. Low success rates with the 
assay at that time led to the introduction of several other modifications to the protocol 
(Section 2.4.2). From July 1992 the protocol was standardised to the 'modified' 
ATCCS protocol and 35/66 of the primary tumour assays were performed under 
these conditions.
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Table 4.5. ATCCS assay with human tumour biopsy specimens

Tum our type Wt
(g)

Viable
cells/g
(xlO^)

A ssay
N o .

G row th SF2
(SEM)t

a
(SEM)t

P
(SEM)t

No. of 
days 

in culture

CY-M ills
A ssay

N o .
Meningioma 0.33 2.70 A4 Y 0.55

(0.08)
0.30

(0.07)
0 16 12

Cervix 0.13 22.0 A5 Y 0.36
(0.06)

0.52
(0.09)

0 14 13

Rectum 0.42 5.60 A13 N - - - - -

Cervix* 0.24 3.36 A17 Y 0.59
(0.08)

0.27
(0.07)

16 16

Melanoma* 0.22 1.20 A18 N - - - - 18
Cervix 0.17 9.50 A19 Y 0.43

(0.05)
0.42

(0.06)
0 14 19

SCCskin* 0.07 0.32 A21 YA - - - 14 21
SCCnode 0.22 0.39 A23 INF - - - - 22
SCCnode 0.29 12.5 A25 INF - - - - 23
Sarcoma 0.49 21.0 A27 INF - - - - -

Melanoma 0.23 32.0 A29 INF - - - - 24
s e e  node* 0.36 0.93 A30 Y 0.28

(0.03)
0.64

(0.06)
0 10 -

eervix 0.39 5.50 A32 S - - - - 25
eervix* 0.77 3.20 A36 S - - - - 28
eervix 0.20 1.03 A40 N - - - - 30

eervix* 2.23 0.50 A44 N - - - - 34
eervix 0.49 4.20 A51 N - - - - 35
eervix 0.21 3.90 A56 N - - - - 36
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Table 4.5. continued. ATCCS assay with human tumour biopsy specimens
Tum our type Wt

(g)
Viable
cells/g
(xlO^)

A ssay
N o .

G row th SF2
(SEM)t

a

(SEM)t
p

(SEM)t

No. of 
days 

in culture

CY-M ills
A ssay

N o .
Cervix 2.48 0.30 A57 INF - - - - -

Melanoma* 0.76 8.32 A70 N - - - - 38
Sarcoma 0.53 0.66 A72 N - - - - -
Cervix - - A73 N - - - - -
Cervix 0.59 2.40 A75 N - - - - 41

Cervix* 0.36 - A78 N - - - - 44
Cervix* - - A79 N - - - - -
Cervix 0.33 6.98 A80 N - - - - 45
Cervix 0.29 5.90 A90 N - - - - 46
Colon 0.61 6.90 A91 N - - - - 47
Lung 1.69 1.80 A93 INF - - - - 48

s e e  node 0.59 1.10 A94 N - - - - -
Lung 0.47 4.83 A95 N - - - - 49
Lung 0.82 10.0 A98 Y 0.21

(0.02)
0.79

(0.05)
0 13 50

Breast 0.73 1.27 AlOO Y 0.35
(0.08)

0.39
(0.20)

0.07
(0.05)

22 -

Lung 1.54 3.30 A102 Y 0.37
(0.07)

0.49
(0.16)

0.003
(0.04)

13 52

Breast 0.57 1.60 A104 N - - - - 54
Melanoma 0.21 24.5 A105 N - - - - 55

Lung* 2.20 0.45 A107 N - - - - 56
Sarcoma* 0.17 7.56 A108 N - - - - 57

Lung 2.26 5.44 A109 S - - - - 58
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Table 4.5. continued. ATCCS assay with human tumour biopsy specimens
Tum our type Wt

(g)
Viable
cells/g
(xlO^)

A ssay
N o .

G row th SF2
(SEM)t

a
(SEM)t

p
(SEM)t

No. of 
days 

in culture

CY-M ills
A ssay

N o .
Lung 0.27 0.47 M i l Y 0.26

(0.05)
0.53

(0.21)
0.07

(0.07)
27 -

Lung 3.12 1.33 A113 Y 0.26
(0.04)

0.57
(0.13)

0.05
(0.03)

12 61

Cervix 0.49 17.60 A114 Y 0.15
(0.03)

0.55
(0.32)

0.21
(0.13)

15 62

Lung* 0.83 2.00 A115 INF - - - - 64
Lung* 0.89 0.78 A118 N - - - - -
Lung 1.59 2.29 A 120 N - - - - 65
Lung 0.54 8.50 A121 INF - - - - 66

Melanoma 0.80 8.70 A125 N - - - 70
Lung 1.08 1.26 A126 Y 0.28

(0.05)
0.53

(0.20)
0.05

(0.06)
19 69

Melanoma 0.63 0.30 A129 INF - - - -
Melanoma 1.23 35.8 A130 Y 0.61

(0.05)
0 0.12

(0.02)
10 72

Lung 0.44 0.69 A131 Y 0.11
(0.02)

0.71
(0.24)

0.20
(0.10)

9 -

Lung 2.33 4.98 A133 Y 0.40
(0.03)

0 0.23
(0.02)

13 74

Lung 0.42 6.70 A136 Y 0.41
(0.08)

0.07
(0.17)

0.19
(0.04)

26 75

s e e  tonsil* 0.18 0.16 A139 N - - - - -
Lung* 1.72 0.81 A140 Y 0.34

(0.03)
0.19

(0.11)
0.17

(0.03)
12 77

Lung 1.56 11.0 A141 Y 0.39
(0.02)

0 0.23
(0.01)

11 78

4̂
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Table 4.5. continued, ATCCS assay with human tumour biopsy specimens
Tum our type Wt

(g)
Viable
cells/g
(xlO^)

A ssay
N o .

G row th SF2
(SEM)t

a
(SEM)t

P
(SEM)t

No. of 
days 

in culture

CY-M ills
A ssay

N o .
Lung 2.69 1.60 A142 Y 0.26

(0.03)
0.65

(0.14)
0.01

(0.04)
14 79

Lung 3.04 1.86 A143 Y 0.34
(0.07)

0.19
(0.09)

0.09
(0.05)

20 81

Lung 2.68 7.10 AI44 Y 0.21
(0.06)

0 0.79
(0.14)

19 82

Lung 1.33 2.43 A145 Y 0.20
(0.06)

0.80
(0.28)

0.001
(0.07)

17 83

Lung 1.10 3.89 A146 Y 0.39
(0.04)

0.31
(0.11)

0.08
(0.03)

12 84

Lung 1.47 3.23 A149 Y 0.37
(0.02)

0.25
(0.06)

0.12
(0.02)

11 86

Lung 1.43 8.37 A150 Y 0.24
(0.03)

0 0.36
(0.03)

11 87

Lung 1.90 2.29 A151 Y 0.35
(0.05)

0.19
(0.26)

0.17
(0.10)

13 88

Lung 1.12 4.05 A153 Y 0.29
(0.03)

0.44
(0.08)

0.09
(0.02)

11 89

Lung A160 Y 0.35
(0.02)

0.30
(0.05)

0.11
(0.01)

12 94

è

A bbreviations
* frozen samples
Growth : Y = yes, N = no, INF = infected, PF = poor fit, S = scanty 
^ Incomplete assay
(SEM)t - standard error of the mean calculated from the fit of the linear quadratic equation to the cell survival data



4.4.6.2. Success rates
For the primary tumour assays, successful growth of cultures was observed in 29/66 
(44%) assays. Scanty growth with cultured cells present in only occasional wells 
was observed in 3/66 (4.5%) assays, infection occurred in 9/66 (14%) and no 
growth at all was observed in 25/66 (38%) assays. In the one repeat assay using 
frozen excess cell suspension there was no growth with either the fresh or frozen 
sample.

4.4.6.3. Factors influencing growth in primary tum our assays
Of the two main tumour types studied, there was a higher success rate with the non
small cell lung tumours (71%) compared with the cervix tumours (23%) (Table 4.6). 
Factors which may have contributed to this difference include the size of the tumour 
samples, the handling of the samples and assay optimisation. The lung tumour 
samples were generally larger than the cervix tumour samples but, unlike the 
modified Courtenay-Mills assay where fewer cells were plated for some of the cervix 
tumours (Section 3.4.2.3), complete assays were set up with all of the cervix 
tumours in the ATCCS so there is no obvious reason why biopsy size itself should 
have been important. There was, however, suboptimal handling of some of the 
cervix biopsy samples with delays in setting up assays, which was thought to be 
responsible for the lower viable cell yield per gram of tumour compared with the 
lung tumours (Section 3.4.2.3). Although equal numbers of viable cells as detected 
with a vital stain (Section 2.14.11) were plated in the ATCCS for the lung tumours 
and for the cervix tumours it is possible that this suboptimal handling of some of the 
cervix samples resulted in fewer clonogenic cells retaining full viability, thereby 
leading to lower success rates.

Freezing of tumour samples prior to performing the assay was carried out for 14/66 
(21%) samples. A lower success rate of growth was observed for these samples 
3/14 (21%) frozen compared with 26/52 (50%) fresh) but this difference can be 
explained by the fact that most of the lung tumour assays were performed on fresh 
samples. One further difference between the lung and cervix tumours was that the 
majority of the assays on lung tumours were performed after July 1992 (assay 
numbers above A 100) using the optimised ATCCS assay. The overall success rate 
with the optimised assay was 22/32 (69%) compared with 7/34 (21%) previously. 
This improved success rate with the optimised assay may, however, have been due 
to the samples rather than due to the assay modifications as the success rate for non
lung tumour samples was only 3/8 (38%) compared with 19/25 (76%) for the lung 
tumour assays. Interestingly, three lung tumours were studied using the original
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assay method and no growth occurred in any of these samples. The numbers of 
samples studied is too small to draw any definite conclusions but it is possible that 
the optimised assay was more suitable for the culture of the lung tumour specimens 
than other tumour types.

4.4.6.4. M easurement o f  SF 2 in primary tum our cultures
Measurements of SF2 were made successfully in 28/66 (42%) tumours. Data from 
these experiments are summarised in Table 4.7 and given in detail in Table 4.5. 
Magiscan data and individual cell survival curves for each primary tumour culture are 
shown in Figures 8.1-8.28 in the appendix. The overall mean SF2 was 0.33 with a 
CV of 36% (Table 4.7). This CV is similar to that found with repeat HeLa assays 
(31%). The distribution of SF2 measurements is shown in Figure 4.7. These data 
are normally distributed (Shapiro-Francia p=0.22). Further statistical analysis 
shows that there was no significant difference in the variances for the primary 
tumour cultures compared with the repeat HeLa assays (F ratio = 1.15, p> F =
0.36). This suggests that at least some of the differences observed between different 
tumour samples could be accounted for by inter-experimental variability, rather than 
due to real differences in SF2 between tumours. The mean duration in culture for 
successful assays was 15 days (range 9-27 days).
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Table 4.6. Success rates for primary tumour cultures with the ATCCS

Tum our type Total No. 
of assays

Successfu l
grow th

Scanty
grow th

N o
grow th

Infected

Cervix 17 4
(23%)

2
(12%)

10
(59%)

1

(6%)
Non-small cell 

lung cancer
28 20

(71%)
1

(4%)

4
(14%)

3
(11%)

Melanoma 7 1
(14%)

0 4
(57%)

2
(29%)

s e e  node 4 1
(25%)

0 1
(25%)

2
(50%)

s e c  skin 1 1
(100%)

0 0 0

s e e  tonsil 1 0 0 1
(100%)

0

Sarcoma 3 0 0 2
(67%)

1
(33%)

Breast 2 1
(50%)

0 1
(50%)

0

Colon 2 0 0 1
(50%)

1
(50%)

Meningioma 1 1
(100%)

0 0 0

T otals 66 29
(44% )

3
(5%)

24
(36% )

10
(15%)
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Table 4.7. Summary of SF2 measurements made on prim ary tumour 
cultures with the ATCCS (data shown in detail in Table 4.6).

No. of 
assays

mean
(range)

SEM SD 95% Cl CV (%)

28 (133
(0.11-0.61)

0.02 0.12 0.29-0.38 36

Figure 4.7. Frequency distribution of SF2 measurements made with 
the ATCCS.
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4.4.6.5. 1st passage cell lines
Successful growth in the ATCCS assay was achieved in 11/12 (92%) 1st passage 
cell lines derived from tumour biopsies, compared with 3/11 (27%) assays with 
primary cultures. This difference reaches statistical significance (Chi-square 
p=0.03). These results are summarised in Table 4.8. The mean SF2 was 0.28, 
SEM 0.04, with a range 0.15-0.95. There was also a difference in the number of 
days in culture before the assay was ready for staining with a mean duration of 11 
days for the 1st passage cultures compared with 15 days for the primary cultures 
(Chi-square p=0.01).
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Table 4.8. ATCCS assay for passage human tumour cell lines.

Tumour type P I
assay
N o .

SF2
(SE M )t

Po
assay
N o .

Po SF2 mod. CY- 
Mills PI 

assay No.
Melanoma A52 0.25(0.03) A29 N -

Cervix A60 0.43(0.05) A51 N 37
Cervix A89 0.25(0.04) A75 N 51

Kidney A96 S - - -

Lung A106 0.41(0.03) A98 0.21 -

Cervix Alio 0.45(0.05) A90 N 59
Lung A112 0.26(0.02) A102 0.37 60
Lung A116 0.22(0.02) A95 N -

Cervix A124 0.28(0.03) A114 0.15 68
Lung A127 0.15(0.02) A120 N -

Melanoma A128 0.07(0.01) A125 N -

Melanoma A137 0.35(0.08) A129 INF -

Abbreviations
PI - 1st passage cells 
Po - primary tumour culture
(SE M )t - standard error of the mean calculated from the fit of the linear quadratic 
equation to the cell survival data 
N - no growth 
INF - infected sample 
S - scanty growth
Mod. CY-Mills - modified Courtenay-Mills assay
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4.4.7. Characterisation o f  primary tum our cultures in the ATCCS  
assay .
Characterisation of cultures was carried out using one or more of three diagnostic 
criteria - morphological appearance, immunohistochemical staining and transmission 
electron microscopy (TEM). The morphological appearance was recorded for 32 
primary cultures (29 good growth, 2 scanty growth, 1 poor fit of data) and was as 
follows: 22 fibroblastic, 1 culture from a breast carcinoma epithelial, 9 cultures 
contained a mixture of cells types with both epithelial and fibroblastic cells (Table 
4.9).

Immunohistochemical staining was performed on cultures grown on CAM coated 
plastic coverslips, whenever these were available. Of 12 primary tumour samples 
where cells were successfully grown on coverslips, satisfactory 
immunohistochemical staining of cells was obtained in only 8 cultures due to 
technical problems with fixation. Of these 8 cultures, staining in 2 suggested 
epithelial cultures, 1 was definitely fibroblastic and in 5 the results were 
inconclusive. Examples of the typical morphological appearance of primary cultures 
in the ATCCS assay are shown in Figure 4.8. High background immunofluorescent 
staining was observed with all of the plastic CAM-coated coverslips so that good 
quality photographs were not obtained.

Transmission electron microscopy was performed on 5 primary cultures grown on 
CAM coated coverslips. In all cases the cells examined were fibroblastic or 
myofibroblastic and lacked epithelial features (Figure 4.9). In one of these samples 
morphological examination of the cultures in the wells had suggested a mixed culture 
of epithelial and fibroblastic cell types but the cells grown on the coverslips were all 
fibroblastic. These results indicate that the majority of the primary cultures in the 
ATCCS assay (-70%) contained mainly normal fibroblasts, with the remaining 
comprising mostly mixed cultures dominated by fibroblasts and a pure epithelial 
culture appearing to occur in only 1 of 33 cultures.
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Table 4.9. Characterisation of primary cultures in ATC(CS assay
T umour 

type
Assay
N o .

M orphology Antibody
staining

TEM

5B5 Vim CKMN
F116

Meningioma A4 fibroblastic
Cervix A5 fibroblastic
Cervix A l l fibroblastic
Cervix A19 fibroblastic

SCCskin A21 mixed
s e e  node A30 fibroblastic

Cervix A32 mixed
(~80%fibs)

Cervix* A36 fibroblastic
Lung A98 fibroblastic

Breast AlOO epithelial X X X
Lung A102 mixed

(~50%fibs)
X X X

Lung A109 fibroblastic
Lung A l l l mixed

(~5%fibs)
Lung A113 fibroblastic

Cervix A114 mixed
(-70%fibs)

X X X

Lung A126 fibroblastic
Lung A130 fibroblastic
Lung A131 mixed

(~70%fibs)
+

Lung A133 fibroblastic
Lung A136 fibroblastic - + +
Lung A140 mixed

(~70%fibs)
X X X

Lung A141 fibroblastic - + +
Lung A142 fibroblastic
Lung A143 fibroblastic + + +
Lung A144 mixed

(~70%fibs)
- myofibroblastic

Lung A145 fibroblastic - + - myofibroblastic
Lung A146 fibroblastic - + -
Lung A149 fibroblastic myofibroblastic
Lung A150 fibroblastic myofibroblastic
Lung A151 mixed

(~50%fibs)
Lung A153 fibroblastic myofibroblastic
Lung A160 fibroblastic + -

Abbreviations 
x: technical problems with staining 
+: positive staining 

negative staining
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Figure 4.8. Examples of the morphological appearance of cells 
cultured on CAM coated plates. Cells have been fixed and stained 
with crystal violet. Bar=100 pm in each photograph.
4.8 A. Breast carcinoma showing epithelial-like appearance of cells 
(AlOO).

4.8 B. NSCL tumour showing fibroblastic cells (AI43).
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4.8 C. NSCL tumour (A102) showing (i) Area within culture of
epithelial-like cells, (ii). Area within culture of fibroblastic cells.

m

m
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4.8 D. NSCL tumour (A131) showing (i). Area within culture of
epithelial-like cells, (ii). Area within culture of fibroblastic cells.

(i)

«

i

(ii)

h
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4.8 E. Culture from normal lung showing fibroblastic cells.

4.8 F. Normal skin fibroblasts.



4.8 G. HeLa cells.

m

4.8 H. HX147 lung carcinoma cell line.
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Figure 4.9. Transmission electron micrographs of cells cultured on 
CAM coated coverslips.
4.9 X.A, B. Fibroblast from a coverslip culture of normal lung tissue 
(A 154).
A: rER, rough endoplasmic reticulum cisternae; small arrow, simple 
fibronexus junction, detailed in B. Bar = 1 pm.
B: smf, smooth-muscle type filaments; fn, fibronectin filaments.
Bar = 200 nm.
4.9 X.C. Fibroblast from a coverslip culture of lung carcinoma 
(A153), from same patient as sample of normal lung in A and B.

m .

?
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Figure 4.9 Y. A, B. HeLa cells grown on a coverslip.
A: low magnification view illustrating non-flattened cell morphology. 
Arrowheads, small tonofibrils. Bar = 1 pm.
B. Detailed view of a small dense tonofibril (arrowhead).
Bar = 200 nm.
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4.4.8. Characterisation o f  1st passage cultures from  tum our samples
Morphological examination of sixteen 1st passage cultures set up from excess 
tumour enzyme digest in plastic tissue culture flasks containing growth medium 
showed that 11 were fibroblastic, 4 were mixed and 1 had a uniform epithelial 
appearance. Six of these cultures were from tumours which had also been grown 
successfully as primary cultures. In 5/6 both primary and 1st passage cells were 
fibroblastic but in 1/6 the 1st passage cells were fibroblastic whereas the primary 
culture had a mixed morphological picture.

Immunohistochemical staining was performed on 13 of these 1st passage cultures on 
cells grown on glass multiwell slides (Flow Cat. no. 6041505) (Table 4.10). By 
comparison with the plastic CAM-coated coverslips, good staining was obtained 
with all of the samples and there were no problems with background fluorescence. 
The results with the immunohistochemical staining suggested that 6 cultures were 
fibroblastic, 2 were epithelial, 2 contained both epithelial and fibroblastic cells and 3 
were equivocal. These findings were consistent with the morphological appearance 
of cells for all but two of the cultures - one where a mixed morphological picture was 
seen but the immunohistochemical staining suggested fibroblastic cells and one 
where the staining suggested epithelial cells but the morphology was fibroblastic.

Transmission electron microscopy was performed on two 1st passage cultures and in 
both cases demonstrated myofibroblastic cells resembling fibroblasts and lacking any 
epithelial features.

4.4.9. Comparison o f  the culture o f  primary tumour samples on CAM  
coated and uncoated tissue culture plastic plates
For seven non-small cell lung tumour samples there were sufficient cells after 
enzymatic disaggregation to set up extra control wells in an uncoated tissue culture 
plastic multiwell plate. There was no difference in the morphological appearance of 
cells cultured on the two different types of plate and little difference in the 
measurements of lOD (Table 4.11).
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4.4.10. Does the *CAM* coating selectively inhibit the proliferation  
o f  normal skin fibroblasts compared with growth on uncoated tissue 
culture plastic?
'CAM’ coated and uncoated multiwell plates were compared using two early passage 
skin fibroblast cell lines and two transformed fibroblast cell lines (MRC5 and 
ATS4). For these lines, a total of 13 experiments were carried out with the coated 
plates followed by 7 experiments with the uncoated plates. In all of these assays 
there was a good growth of fibroblasts on both types of plate and there was no 
obvious difference in the measurements of SF2 on the two different types of plate 
(Table 4.12). This showed clearly that the CAM coating does not inhibit the growth 
of normal fibroblasts.

4.4.11 Culture o f  normal lung on CAM coated plates
Two modified ATCCS assays were set up using normal lung taken from the 
periphery of a lung tumour where there was no microscopic tumour invasion. 
Assays were also set up simultaneously from tumour samples from the same lung 
specimens. In both of the assays on normal lung there was a good growth of cells 
and the cultures were indistinguishable morphologically from the tumour assays 
(Figure 4.8). The SF2 measurements on normal lung were 0.54 and 0.31, 
compared with measurements of SF2 in the tumour samples of 0.35 and 0.29, 
respectively. Full cell survival curves are shown in Figure 4.10. 
Immunohistochemical staining of one of the primary cultures from normal lung 
demonstrated cells which were negative for the cytokeratin antibodies, CK, 
MNFl 16 but positive for the fibroblast antibody, Dako 5B5. Transmission electron 
microscopy of this culture showed fibroblastic cells with extensive rough 
endoplasmic reticulum cisternae, smooth muscle and fibronectin filaments and no 
features characteristic of epithelial cells (Figure 4.9).
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Table 4.10. Characterisation of

O n
ON

St passage cells from tumour samples.
Tum our

type
P I

ATCCS 
assay 
N 0.

M orphology 
P I cells

Antibody  
staining  
PI cells

TEM 
P I cells

Po ATCCS 
assay No.

P I mod 
CY -M ills

assay
N o .5B5 Vim CKM

N F116
Melanoma A52 fibroblastic A29

Cervix A60 fibroblastic A51 37
Kidney A98 epithelial - + +
Cervix A89 fibroblastic ++ ++ - A75 51
Lung A106 fibroblastic - ++ - A98

Cervix Al io mixed ++ + + - A90
Lung A112 fibroblastic + ++ - A102
Lung A116 fibroblastic + + + - A95

Cervix A124 fibroblastic - + + myofibroblastic A114
Lung A127 mixed

(~80%fibs)
+ +and- A120

Melanoma A128 fibroblastic A125
Melanoma A137 fibroblastic - + A129

Lung mixed - + +and- myofibroblastic A121
Lung fibroblastic - + - A143
Lung fibroblastic + - A160

Fibroblasts fibroblastic ++ ++ - myofibroblastic
HeLa cells epithelial - - ++ epithelial

Abbreviations 
Vim : vimentin 
+: positive staining 
- : negative staining
+and-: both + and - staining cells present



Table 4.11. Comparison o f lO D  measurem ents for primary tumour
assays using 'CAM* coated and uncoated mu tiwell plates.

A ssay Cells mean lOD mean lOD
N o . plated/well CAM-coated uncoated plates

(x l03 ) plates

A143 8 2668 3441
4 2195 3072
2 1960 2273
1 689 1312

A144 8 3362 1984
4 724 942
2 728 454
1 324 280

A 145 8 2850 2352
4 2110 2064
2 1421 958
1 487 733

A 146 8 3028 5099
4 2641 4139
2 1881 2500
1 1031 1392

A149 8 3038 3201
4 2796 3282
2 1930 2710
1 819 1150

A150 8 3434 4066
4 1613 2681
2 1251 2029
1 598 639

A153 8 1923 2259
4 1584 2021
2 1411 1246
1 576 730

167



Table 4.12, Comparison between SF2 measurements on CAM coated 
and uncoated multiwell plates for early passage fibroblast cell lines.

Cell line SF2' CAM'
plates

(SEM )t

SF2 uncoated 
plates

(SEM )t

GLHFSP 0.36(0.07)
0.73(0.02)
0.39(0.03)

0.41(0.04)

MCJ 0.47(0.05) 0.55(0.05)
0.31(0.06)

MRC5 0.80(0.04)
0.28(0.01)
0.47(0.05)
0.38(0.02)
0.48(0.04)

0.32(0.02)
0.30(0.01)

ATS4 0.15(0.01)
0.13(0.04)
0.09(0.02)
0.10(0.01)

0.06(0.01)
0.09(0.02)

(SEM)t: standard error of the mean calculated from the fit of the linear quadratic 
equation to the cell survival data
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Figure 4.10. Comparison of cell survival curves for prim ary cultures 
from lung tum ours and norm al lung with the ATCCS. A. NSCL 
tum our (A153) and normal lung (A154). B. NSCL tumour (AI60) and 

normal lung (A161).
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4.5. D iscu ss io n

In the early stages of work with the ATCCS several modifications were made to the 
software and hardware of the Magiscan image analysis system to try to optimise this 
assay system. These developments were made with the help of Boris Vojnovic and 
Rosalind Locke at the Gray Laboratory. The changes to the software made the 
system easier to use and more sensitive than the original 'Plate' program from 
Houston (Section 2.4.4.3) but repeat readings of individual wells still showed 
considerable variation in measurements of lOD. These observations led to the 
introduction of a new alignment jig, a CCD camera with a 592 nm filter and the use 
of a black curtain and blinds (Sections 2.4.4.2 and 4.4.1). These relatively simple 
changes increased the dynamic range of the analysis system and reduced the 
variability in repeat readings of individual wells (coefficient of variation reduced 
from a maximum of 22% down to 3%). The 'modified' protocol was introduced to 
standardise on the disaggregation technique for the comparison with the modified 
Courtenay-Mills assay and to try to increase the success rate with primary tumour 
cultures as the initial results were poor (21% success rate). An improvement in 
success rates was observed with the 'modified' protocol for a group of tumours 
which comprised mainly NSCL tumours (69% success rate) but this may have been 
dependent on tumour type (Section 4.4.6.3). One of the modifications to the assay 
which appeared to be important was the plating of twice the number of cells than in 
the original protocol. Based on the mean viable cell yield per gram of tumour 
obtained in these experiments the necessary biopsy weight would be ~ 0.13 g per 
assay, which is still a feasible amount to obtain as a biopsy from a patient.

In experiments with established cell lines it was found that poor or variable growth 
occurred with two colonic carcinoma cell lines (SW48 and HT29), indicating that 
this assay may not be suitable for culturing all cell types. Repeat experiments were 
carried out with HeLa cells using the optimised assay system demonstrated quite a 
wide range of SF2 measurements, with a coefficient of variation of 31%. This 
variation could not be accounted for by any known differences in the experimental 
conditions.

For the primary tumour cultures the success rate was 44% overall, and 69% with the 
optimised assay, as discussed above. These success rates compare with 68% found 
by Brock et al. (1990) and 75% in the series of Girinsky et al. (1993) for head and 
neck tumours and cervix tumours [4, 54]. Price et al. (1991) found a lower overall 
success rate of 41% for a series of different tumour types with growth in 3/4 cervix
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tumours but only 2/11 bladder tumours [57]. These results again suggest that the 
ATCCS may be more suitable for culturing cells from certain tumour types than 
others, although these differences between centres might also be due in part to 
differences in the handling of samples or the use of different batches of serum.

The range of SF2 measurements for primary tumour cultures in this study was 0.11-
0.61 with a mean of 0.33. This compares with a range of 0.22-0.64 reported by 
Girinsky et al. (1993) and a slightly wider range in the series of Brock et al. (1990) 
of 0.11-0.91 [4, 54]. The mean measurements in both of these series were very 
similar, with values of 0.39 and 0.33, respectively. In this study the coefficient of 
variation for the SF2 in primary tumour cultures was 36%, which is only slightly 
larger than that found with repeat assays on HeLa cells (31%). Further statistical 
analysis of this data showed that there was no significant difference in the variances 
for repeat SF2 measurements in HeLa cells compared with the 29 different primary 
tumour cultures. This suggests that at least some of the inter-tumour variation in 
SF2 measurements may have been due to inter-assay variability, rather than due to 
real differences between tumours. Brock et al. (1989) attempted to address this 
problem of inter-experimental variation by carrying out multiple assays on 13 biopsy 
samples [53]. The coefficient of variation for these multiple biopsies was 23% 
compared with 43% for 60 different primary tumour cultures, suggesting that inter
tumour differences may be larger than those simply due to inter-experimental 
variability but variance analysis data were not presented in this study.

In the early published work with the ATCCS, Brock et al. (1989) reported that 
primary tumour cultures were epithelial in origin, based on immunohistochemical 
staining [53]. Since then, other groups have questioned this finding and 
demonstrated that fibroblasts are not inhibited by the CAM' coating [56, 57]. In 
1994, Girinsky et al. reported that all the primary tumour cultures in the ATCCS 
were diploid, indicating that they might be mainly fibroblasts, although interestingly 
they were able to proliferate in soft agar [55]. Data presented in Section 3.4 of this 
thesis demonstrated that normal fibroblasts can proliferate in soft agar so that this 
finding is consistent with these cultures being mainly fibroblastic. The findings 
reported here confirmed that the CAM coating does not inhibit the growth of normal 
fibroblasts compared with uncoated plastic multiwell plates. Detailed 
characterisation of the primary tumour cultures also strongly suggests that the 
majority of the cultures examined contained fibroblasts and that only a small 
proportion were pure epithelial cultures, with only 1/33 cultures showing purely 
epithelial features.
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In summary, several problems were found with the ATCCS which appear to limit its 
value as a method for measuring tumour radiosensitivity in patients. These include 
inter-assay variability which may be too large for a single measurement of SF2 to be 
of predictive value in an individual patient and a high incidence of fibroblast 
contamination of tumour cultures. Even if fibroblast radiosensitivity is correlated 
with tumour radiosensitivity (discussed further in Chapter 7), the success rate of 
68% is low for this to be a feasible clinical test for use on a routine basis in patients. 
The absence of any study showing a clear correlation between in vitro parameters 
measured with the ATCCS and the clinical outcome following radiotherapy is also 
disappointing although the largest study carried out, to date, by Brock et al. (1990), 
was in a series of post-operative patients where surgery may have been a 
confounding variable [4]. Based on the results presented here, however, further 
work with this assay for measuring fresh tumour radiosensitivity could not be 
recommended until better methods are found for culturing epithelial cells and 
inhibiting stromal fibroblasts. Promising preliminary results were published 
indicating that the ATCCS might be a valuable predictor for the response to 
chemotherapy but further results are awaited to confirm these findings [122].

The ATCCS did appear to be a suitable method for measuring the radiosensitivity of 
established cell lines where good growth of cells occurred and where repeat assays 
could be performed to reduce the effects of inter-assay variability. This is discussed 
further in Chapter 5 where the comparative results are presented for the ATCCS and 
a clonogenic assay. It was also observed that this assay could, unintentionally, 
measure fibroblast radiosensitivity from small biopsy samples within 14 days. This 
led to the development of a short-term growth assay for measuring skin fibroblast 
radiosensitivity (presented in Chapter 6). The finding that fibroblast contamination 
was a major problem led to the investigation of a new method for isolating 
fibroblasts from tumour samples (presented in Chapter 5).
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Chapter 5

Comparison of the modified Courtenay-Mills assay with the 
Adhesive Tumour Cell Culture System and investigation of 
a new method for reducing fibroblast contam ination of 
tumour cultures

5.1. Introduction and Aims

Results with the modified Courtenay-Mills assay and ATCCS have been presented 
separately in Chapters 3 and 4, respectively. In this Chapter a detailed comparison 
of these two techniques is made and results are presented for a new method 
developed as a potential means of reducing fibroblast contamination of primary 
tumour cultures. The need for a method to reduce fibroblast growth was 
demonstrated clearly with the observation that fibroblast contamination of primary 
tumour cultures could occur with both assay methods (Sections 3.4 and 4.4).

Several methods have been reported for reducing or removing fibroblasts from 
benign epithelial cultures, including the use of mouse 3T3 fibroblast feeder layers 
(Mitomycin C treated or irradiated), periodic treatment of cultures with EDTA 
warmed to 37°C and vigorously sprayed over the cells, the use of D-valine for the 
culture of thymus cells and the use of a complement fixing monoclonal antibody for 
lysing fibroblasts in culture [96, 123-126]. None of these methods, however, have 
been reported to give a high success rate in obtaining pure cultures of primary 
tumour cells.

One technique which has been developed for separating different types of cells uses 
magnetic beads (diameter ~ 4.5 }im) coated with specific antibodies to certain cell 

types. Cells attached to the magnetic beads can be separated from the supernatant 
fraction in a magnetic cell separator. This method has been found to be highly 
effective for the sorting of haemopoietic cells due to the close association of specific 
antigen expression with particular subpopulations of haemopoietic cells [127, 128]. 
Successful extraction of cells has also been reported with endothelial cells and some 
colorectal tumours [129,130]. The general applicability of this method for isolating 
tumour cells is, however, limited by the lack of highly specific surface antigens on 
the majority of tumour cells. In 1989, a commercial IgM antibody became available 
(Sigma MC48) which was reported to react with a surface antigen on fibroblasts.
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macrophages and the majority of monocytes but not with human epithelial cells or 
lymphocytes [125, 131]. This led to the work undertaken in this thesis to try to use 
magnetic beads coated with this specific fibroblast antibody as a method for 
extracting fibroblasts from tumour cell suspensions and thereby clean up primary 
tumour cultures.

5.2. M aterials and methods

5.2.1. M odified Courtenay-Mills assay and ATCCS
The experimental methods have been described previously in Chapters 2, 3 and 4. 
For the modified Courtenay-Mills assay the SF2 measurements were usually made 
from the colony counts at two dose points of 0 and 2 Gy. Where full cell survival 
curves were performed and cell survival measurements derived from the linear 
quadratic equation, this is clearly stated. The SF2 measurements in the ATCCS were 
made by fitting the data with the linear quadratic equation. The 'Direct' 
measurements of SF2 in the ATCCS were also calculated as the ratio of the slopes of 
the 0 and 2 Gy dose points, so that both the LQ-derived and 'direct' measurements 
in the ATCCS could be compared with the data from the modified Courtenay-Mills 
assay. ATCCS assays and modified Courtenay-Mills assays were set up 
simultaneously for a total of 16 experiments with established human tumour cell 
lines, 52 human tumour biopsy specimens and 6 first passage cell lines derived from 
primary tumour cultures.

5.2.2. Coating o f  magnetic Dynabeads with an IgM  antibody to a 
surface protein on fibroblasts
1. 0.15 ml of MC48 antibody (Sigma) was added to 0.05 ml tris HCL (0.05 M 

solution) at pH 9.5.
2. 0.33 ml stock Dynabead solution (M450 uncoated) was placed in the magnetic 

particle separator (MPC) and the supernatant removed.
3. The antibody solution was mixed with beads at 4°C overnight on a rotator.
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After 24 hours.
4. Beads were washed four times using the MPC (for 5 minutes each time) in PBS 

containing 0.5% albumin, bovine (BSA) (Sigma Cat. No. A4919) and finally 
overnight in PBS containing 0.1% BSA.

After 48 hours.
5. Beads were stored in sodium azide solution (0.02%) in 0.1% BSA in PBS 

until ready for use. Washing with PBS was carried out prior to use of the 
beads. Coated beads can be stored for up to 6 months.

5.2.3. Indirect method fo r  fibroblast cell separation using Dynabeads
1. A single cell suspension was prepared as previously described (Section 2.6 for 

established cell lines and 2.2 for tumour biopsy specimens ) and the cells 
counted in a haemocytometer.

2. Dynabeads coated with MC48 antibody were resuspended in PBS and counted 
in a haemocytometer.

3. The beads and cell suspension were diluted in medium to give a final bead 
volume of 0.1 ml and a final cell volume of 0.4 ml. The beads and cells were 
then mixed together to give bead : cell ratios ranging usually from 50:1 to 5:1 in 
a sterile eppendorf tube.

4. The bead/cell suspension was incubated at 4°C on a rotator for 30 minutes.
5. The eppendorf tube containing the bead /cell suspension was placed in a 

Magnetic Particle Concentrator (MPC-E. Dynal Product No. 120.04) for 3 
minutes and the supernatant removed and placed in a T25 tissue culture flask.

6. The remaining bead fraction was resuspended in PBS and a further separation in 
the MPC-E was carried out for 3 minutes. The supernatant was added to the 
'supernatant' flask. The remaining bead fraction was resuspended in medium 
and placed in a separate T25 tissue culture flask.

7. Flasks were then incubated in 5% CO2 , 5% O2 at 37°C and observed daily.

5.2.4. Experim ents to investigate fib rob last extraction fro m  cell 
suspensions using magnetic antibody-coated beads
Three types of experiments were performed with antibody-coated beads prepared as 
above (5.2.1 and 5.2.2). Firstly, two preliminary qualitative experiments were 
performed where fibroblasts or HeLa cells were mixed with beads, separated in the 
magnetic cell separator and then the supernatant and bead fractions placed in separate 
tissue culture flasks containing growth medium, incubated and observed daily. 
Secondly, the number of cells attached to beads was quantified by counting cells
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attached to beads under direct light microscopy in a haemocytometer chamber. 
Thirdly, the colony forming efficiency of cells in the supernatant and bead fractions 
was quantified by counting colonies after several days in culture. One experiment 
was performed in which mixtures of known numbers of MRC 5 fibroblasts and 
HeLa cells (either both live or one cell type heavily irradiated to 30 Gy in a spinner 
vessel under aerobic conditions so that no cell proliferation would occur) were 
'sorted' into bead and supernatant fractions and then incubated. Colonies of 
fibroblasts or HeLa cells were clearly identifiable on morphological criteria and 
colonies > 60 cells were then counted after 7 days in culture. Two subsequent 
experiments were then performed with 1st passage cultures from cervix carcinomas 
in which cells present appeared to be of two distinct types - epithelial or fibroblastic. 
The growth medium used in these experiments was Ham's F12 with 10% FCS.

5.3. R esults

5.3.1. Radio sensitivity measurements in established cell lines
The success rates with established cell lines were 14/15 (93%) with the modified 
Courtenay-Mills assays and 16/20 (80%) with the ATCCS. One modified 
Courtenay-Mills assay failed due to infection and four ATCCS assays failed due to 
poor, uneven growth in the wells of the multiwell plates. For experiments where 
both assays were set up simultaneously, SF2 measurements were obtained with both 
assay methods for 8/10 experiments with HeLa cells and 3/6 experiments with other 
established cell lines. In the remaining 2/10 experiments with HeLa cells, infection 
occurred in one modified Courtenay-Mills assay and poor growth was present in one 
ATCCS assay and a similar finding occurred with the other cell hues.

The mean SF2 for HeLa cells with the modified Courtenay-Mills assay was 0.44 for 
nine experiments and 0.42 with the ATCCS. For the eight experiments in which 
both assays were performed simultaneously there was also good agreement in the 
mean SF2 measurements of 0.46 and 0.43, respectively (Table 5.1). To address the 
degree of agreement between these two assay techniques the data has been analysed 
according to the method described by Bland and Altman (1986) [99]. The data is 
considered normal for this analysis (Shapiro-Francia, probabilities for a non-normal 
distribution, p = 0.02 and p = 0.31, for the modified Courtenay-Mills data and 
ATCCS LQ fit, respectively). The mean difference in SF2 measurements with the 
two assay methods is 0.03, with limits of agreement, expressed as the 95% 
confidence intervals, of - 0.10 to 0.16. As the 95% confidence intervals pass
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through zero, the differences between the two assay methods are not significant. 
The level of agreement was very similar to that found between the modified 
Courtenay-Mills SF2 and the SF2 'direct fit' in the ATCCS (95% Cl - 0.16 to 0.16). 
These data are summarised in Table 5.1 and Figures 5.1 and 5.2.
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Figure 5.1. Relationship between SF2 m easurem ents made with the 
modified Courtenay-Mills assay and the ATCCS for prim ary human 
tum our cultures, 1st passage human tumour cultures and repeat assays 
on HeLa cells. Line of equity is drawn to show where points would 
lie if m easurem ents with the two assay methods were exactly the 
sam e.
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Figure 5.2. Relationship between SF2 m easurem ents made with the 
modified Courtenay-M ills assay and the ATCCS shown as the mean 
SF% plotted versus difference in SF2 m easurem ent with the two 
assay s .

Figure 5.2 A. Repeat assays on HeLa cells.
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Figure 5.2 B. Primary tumour cultures.
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Figure 5.2 C. 1st passage tum our cultures.
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Table 5.1. Comparison of SF2 measurements with the modified  
Courtenay-Mills assay and the ATCCS for 8 repeat experiments with 
HeLa cells.

SF 2

modified CY-Mills
SF2

ATCCS
0.45 0.32
0.36 0.29
0.42 0.63
0.50 0.30
0.44 0.58
0.68 0.52

0.42 0.35

0.39 0.42

mean SF2 (SEM) 0.46 (0.03) 0.43 (0.05)
CV 22% 31%

Full cell survival curves for HeLa cells, HX147, SW48 and HT29 were compared 
with both assay methods (Figures 5.3 - 5.6 and Table 5.2). Colony assays in bare 
plastic petri dishes were also performed for the SW48 and HT29 cell lines. These 
survival curves show reasonable agreement between the two assays over the dose 
range studied for HeLa cells. In experiments with the HX147 cell line there was 
more scatter in the data with the ATCCS assay than with the modified Courtenay- 
Mills assay. For the SW48 cell line there was poor agreement between the modified 
Courtenay-Mills assay and the colony assay on bare plastic and the ATCCS assay 
gave a resistant measurement of radiosensitivity with a poor dose response and a 
large calculated error on tljip SF2 value. In a further experiment with the SW48 cell 
line the growth was too uneven and scanty (recorded as poor growth) in the ATCCS 
to measure the SF2 and a similar finding was found in one experiment with the 
HT29 cell line.
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T able 5.2. Com parison o f SF2 m easurem ents w ith the m odified
Courtenay-M ills assay, the ATCCS and a colony assay on plastic for
HX147, SW48 and HT29 human tumour cell lines.

Cell line SF 2 mod CY- 
M ills 

(SEM )*

SF 2 ATCCS 
(SEM )*

S F 2 colony 
assay on plastic 

(SEM )*

HX147 0.71 (0.04) 0.50 (0.07) -

SW48 0.16 (0.03) 0.77 (0.30) 0.09 (0.01)

HT29 0.72 (0.03) 0.84 (0.03) 0.61 (0.02)

HT29 - 0.86 (0.02) -

(SEM)* - standard error calculated from fit of linear quadratic equation to cell 
survival data
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Figure 5.3. Com parison of modified Courtenay-M ills assay and 
ATCCS for HeLa cells. Data are fitted with the linear quadratic 
equation. Symbols represent mean of 3 experiments with erro r bars 
representing the SEM.
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Figure 5.4. Comparison of modified Courtenay-M ills assay and 
ATCCS for a lung carcinoma cell line, HX147. Data are fitted with 
the linear quadratic equation.
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Figure 5.5. Comparison of modified Courtenay-Mills assay, ATCCS 
and colony assay on plastic for the SW48 colon carcinoma cell line. 
Data are fitted with the linear quadratic equation.
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Figure 5.6. Comparison of modified Courtenay-Mills assay, ATCCS 
and colony assay on plastic for the HT29 colon carcinoma cell line. 
Data are fitted with the linear quadratic equation.
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5.3.2. Primary human tumour cultures

5.3.2.1. Comparison o f  success rates
The overall rates of successful growth in the two assay methods for primary tumour 
cultures were 30/59 (51%) for the modified Courtenay-Mills assay and 29/66 (44%) 
for the ATCCS. For the 52 tumours where both assay methods were set up 
simultaneously, the success rates were 27/52 (52%) and 24/52 (48%) for the 
modified Courtenay-Mills assay and ATCCS, respectively. These differences do not 
reach statistical significance. Successful growth in at least one of the two assay 
methods occurred in 27/52 (52%) experiments but simultaneous growth in both 
assay methods occurred in only 20/52 (39%) experiments (Table 5.3). In one of the 
ATCCS assays, successful growth had occurred but there had been insufficient 
viable cells to set up a full cell survival assay. Simultaneous measurements of SF2 

were therefore available for only 19 tumours. Excluding assays in which infection 
occurred, successful growth was present in the modified-Courtenay-Mills assay but 
not the ATCCS in 4 assays and for a further 4 assays the reverse occurred with 
growth in only the ATCCS.

Table 5.3. Com parison of success rates with the modified Courtenay- 
Mills assay and the ATCCS for 52 hum an tum our biopsy specimens
w here both assays were sel up simultaneously.

A ssay
m ethod

Successfu l
grow th

Inadequate
grow th

No growth Infection

modified 27/52 7/52 14/52 4/52
CY-Mills (52%) (14%) (27%) (8%)
ATCCS 25/52 3/52 18/52 6/52

(48%) (6%) (35%) (12%)

There was no apparent difference between the assay methods for successful growth 
of a particular tumour type but with both assays, a higher success rate was achieved 
with the later experiments performed which were mainly lung tumours (NSCL). The 
success rates were 21/28 (75%) with the modified Courtenay-Mills assays and 19/28 
(68%) with the ATCCS for assays after CY 52 and A 100, respectively. Possible 
reasons for these higher success rate have been discussed in Sections 3.4.2.3 and
4.4.6.3.
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S.3.2.2. Comparison o f  measurements o f  SF 2 with prim ary tum our  
cu ltures
The overall mean SF2 measurements for primary tumour cultures with the modified 
Courtenay-Mills assay and the ATCCS were 0.45 and 0.33, respectively. Similar 
results were found for the 19 tumour samples where measurements of SF2  were 
made in both assays simultaneously, with mean values of 0.46 and 0.33 (Table 5.4). 
To address the question regarding the precision of agreement between these two 
assay techniques the data have again been analysed according to the method 
described by Bland and Altman (1986) [99]. These data are considered normally 
distributed for this analysis (Shapiro-Francia probability for a non-normal 
distribution, p = 0.94 and p = 0.15, for the modified Courtenay-Mills data and 
ATCCS LQ fit, respectively). There is a significant negative bias in the SF2 results 
with the ATCCS compared with the modified Courtenay-Mills assay with a mean 
difference of - 0.12 (i.e. the ATCCS SF2 measurements were significantly lower 
than the modified Courtenay-Mills results). The limits of agreement expressed as the 
95% confidence intervals about this bias are from - 0.04 to - 0.21. A similar level of 
agreement was seen between the modified Courtenay-Mills SF2 and the SF2 'direct 
fit' in the ATCCS (bias - 0.14, 95% Cl -0.05 to -0.22). The data are shown in 
Table 5.4 and Figures 5.1 and 5.2.
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Table 5.4. Comparison of SF2 measurements with the modified 
Courtenay-Mills assay and the ATCCS for 19 primary tumour cultures 
where both assays were set up simultaneously.

SF2 SF2 ATCCS SF2 ATCCS
mod CY-Mills (LQ fit) ('direct' fit)

0.50 0.55 0.15
0.29 0.21 0.16
0.72 0.37 0.44

0.47 0.26 0.22

0.18 0.15 0.10
0.16 0.28 0.27
0.30 0.61 0.56
0.38 0.40 0.47
0.55 0.34 0.29
0.77 0.39 0.34

0.31 0.26 0.29
0.51 0.34 0.44

0.38 0.20 0.21
0.68 0.39 0.36
0.47 0.37 0.38
0.52 0.24 0.29

0.43 0.35 0.48

0.47 0.29 0.29
0.62 0.35 0.39

mean SF2 0 .4 6 0 .3 3 0 .3 2
(SEM) (0 .0 4 ) (0.03) (0 .0 3 )

CV 37% 34% 38%
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5.3.2.3. Comparison o f  duration to obtain a measurement o f  S F j  
with the modified Courtenay-Mills assay and the ATCCS
All modified Courtenay-Mills assays were fixed and stained after 28 days in culture. 
A result for the SF2 measurement was then available as soon as counting of colonies 
was performed (total duration 29 days). By comparison, the mean duration in 
culture for successful ATCCS assays was 15 days (range 9-27 days). A result for 
the measurement of SF2 was then available as soon as the plates were 'read' by the 
Magiscan image analysis system and then analysed (mean total duration 16 days, 
range 10-28 days).

5.3.2.4. Comparison o f  growth o f  prim ary tum our cultures in the 
m odified Courtenay-Mills assay, the ATCCS and on uncoated tissue 
culture plastic
For the 52 tumours where both assay methods were set up simultaneously, a small 
aliquot of excess cell suspension was placed in uncoated tissue culture plastic flasks 
for 32 of the 52 tumour samples. The number of cells in this 'excess' cell 
suspension ranged from ~ 10^ to 10^ cells. Successful growth of cells in flasks was 
observed for 27/32 (84%) of these samples, compared with 18/32 (56%) for the 
modified Courtenay-Mills assay and 15/32 (47%) with the ATCCS for the same 
tumour samples. With one tumour sample there was successful growth of cells in 
the modified Courtenay-Mills assay but no growth in either the flask or the ATCCS. 
With all of the other assays in which growth occurred in either the modified 
Courtenay-Mills or the ATCCS it was observed that cells also grew in plastic flasks. 
Radiosensitivity measurements were made in 11 first passage cultures and 
characterisation of these cultures has been described (Table 4.8 and 4.10). The 
morphological appearance of the 32 cultures was as follows: 24 were fibroblastic, 6 
were mixed epithelial and fibroblastic and 2 were epithelial. In all cases the cells 
cultured in flasks were very similar in appearance to cultures in the respective 
ATCCS assays. These results indicated that the majority of these 1st passage 
cultures were fibroblasts or mixed cultures of epithelial cells and fibroblasts.

5.3,3. 1st passage human tumour cultures
SF2 measurements were made successfully in both assays in 5/6 experiments. The 
mean SF2 values were 0.64 and 0.33 for the modified Courtenay-Mills assay and 
ATCCS, respectively. These data are normally distributed (Shapiro-Francia 
probability for a non-normal distribution p = 0.52 and 0.11, respectively). In 
examining the level of agreement between these two methods, there was a negative 
bias of - 0.31 for the ATCCS compared with the modified Courtenay-Mills assay
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(i.e. the SF2 measurements with the ATCCS were significantly lower than with the 
modified Courtenay-Mills assay). The limits of agreement, expressed as the 95% 
confidence intervals around this bias are - 0.10 to - 0.52. Slightly closer agreement 
was found between the modified Courtenay-Mills SF2 and the direct fit of SF2 with 
the ATCCS (bias - 0.24, 95% confidence intervals - 0.04 to - 0.44) (Figures 5.1 and
5.2).

5.3.4. Comparison o f  tum our selectivity and fibroblast inhibition
Characterisation of primary tumour cultures strongly suggested that fibroblast 
contamination occurred with both the modified Courtenay-Mills assay and the 
ATCCS (Sections S.4.4-3.5 and 4.4.T-4.5). With the modified Courtenay-Mills 
assay the colony forming efficiency of normal skin fibroblasts was markedly 
reduced (-0.1%) in soft agar compared with the growth of fibroblasts on plastic 
(-10%). By comparison, there appeared to be no selective inhibition of fibroblast 
growth on the CAM coated plates in the ATCCS.

5.4. Attempts to develop a method for extracting fibroblasts from 
tumour cell suspensions using magnetic antibody-coated beads

5.4.1. Prelim inary experiments
Two qualitative experiments were performed using single cell suspensions of 
fibroblasts (early passage human skin fibroblasts or MRC 5) or known epithelial 
cells (HeLa) and bead:cell ratios of 50:1. After 2 hours in culture fibroblasts with 
beads attached were observed to adhere to tissue culture plastic in an identical 
manner to unattached fibroblasts (Figure 5.7). Over the subsequent few days some 
of the beads became detached but the fibroblasts were able to divide and continue to 
proliferate with the beads attached. After 7 days in culture the following was 
observed in both experiments:

190



Early passage human skin fibroblasts 
Flask containing bead fraction : fibroblasts +++
Flask containing supernatant : few fibroblasts (~ 1/3 of bead fraction)

Flask containing uncoated beads (i.e. no antibody present) : no fibroblasts 
Flask containing supernatant from uncoated beads : fibroblasts +++

HeLa cells
Flask containing bead fraction : few HeLa cells 
Flask containing supernatant : HeLa cells +++

Flask containing uncoated beads (i.e. no antibody present) : no HeLa cells 
Flask containing supernatant from uncoated beads : HeLa cells +++

5.4.2. Further work with established cell lines
Two types of quantitative experiments were performed either with established cell 
lines by counting of cells in a haemocytometer or counting colonies of cells after 
several days in culture. These results are summarised in Tables 5.5 and 5.6.

T able 5.5. E x trac tion  of cells from  an M RC 5 cell suspension 
expressed as the percentage of cells attached to beads. Cells were 
counted with a haem ocytom eter im m ediately afte r separation  in a

Bead:cell ratio % of cells attached 
to beads

20:1 64%*

50:1 72%

200:1 75%
* 2nd incubation with magnetic coated beads resulted in a further 6% of cells 
extracted to give a total of 70% of cells
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Figure 5.7. Normal skin fibroblasts in culture showing magnetic
Dynabeads attached. Bar=25 |j.m.
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Table 5.6. Extraction of MRC 5 fibroblasts or HeLa cells from cell 
suspensions. Colony forming efficiencies of cells and % of total cells 
grown in bead and supernatant fractions after 7 days in culture.

Cells in initial 
suspension

Beadicell
ratio

Cell
type

counted

CFE (%) in 
bead fraction 
(% of total)

CFE (%) in 
supernatant 

fraction 
(% of total)

MRC 5 5:1 MRC 5 0.48 0.13
(+ irradiated HeLa) (78%) (22%)

MRC 5 5:1 MRC 5 0.40 0.40
(+ live HeLa) (50%) (50%)

MRC 5 5:1 MRC 5 0.39 0.25
(60%) (40%)

MRC 5 50:1 MRC 5 0.46 0.14
(76%) (24%)

MRC 5 100:1 MRC 5 0.69 0.17
(80%) (20%)

HeLa (+ irradiated 5:1 HeLa 9.4 37.8
MRC 5) (20%) (80%)

HeLa 5:1 HeLa 4.1 49
(+ live MRC 5) (8%) (92%)

HeLa 50:1 HeLa 0.33 15.5
(2.0%) (98%)

N otes
1. Mixtures of live and irradiated MRC 5 and HeLa cells were made in a 1:1 ratio
2. Cell types in culture were clearly identifiable on the basis of morphological 

features
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5.4.3. Experiments with two 1st passage tum our cell cultures
Carcinoma of cervix specimen A
Cells counted in bead fraction with haemocytometer : 1.5 x 10  ̂(28%)
Cells counted in supernatant fraction with haemocytometer : 3.9 x 10  ̂(72%)

After 14 days in culture, only scanty growth of fibroblastic cells in both flasks. No 
evidence for satisfactory sorting into epithelial and fibroblastic cell populations.

Carcinoma of cervix specimen B
Cells counted in bead fraction with haemocytometer : 1.5 x 10  ̂(75%)
Cells counted in supernatant fraction with haemocytometer : 0.5 x 10  ̂(25%)

After 14 days in culture, only scanty growth in both flasks. No evidence for 
satisfactory sorting into epithelial and fibroblastic cell populations.

5.5. D iscu ss ion

Measurements of SF2 were made successfully with the modified Courtenay-Mills 
assay for all of the five established tumour cell lines studied, with assay failure 
occurring in only 1/15 experiments due to infection. With the ATCCS, two of these 
cell lines (colon carcinoma cell lines SW48 and HT29) formed large, uneven 
colonies with poor growth in the multiwell plates leading to assay failure in 1/3 
experiments with each cell line. This finding suggested that the ATCCS would be 
unsuitable for certain tumour cell types whereas this did not appear to be a problem 
in the modified Courtenay-Mills assay.

With repeat assays on HeLa cells, both assay methods gave similar mean values of 
SF2 but there was more scatter in the data with the ATCCS than with the modified 
Courtenay-Mills assay (mean values 0.43 and 0.46 and coefficients of variation 31% 
and 22%, respectively). In a comparison of the two assays, there was reasonable 
agreement in the measurements of SF2 with a mean difference of 0.03. There was, 
however, some variation in the closeness of this agreement for assays set up on 
different days, with the limits of agreement, expressed as the 95% confidence 
interval around this mean value from - 0.10 to 0.16. This amount of variation 
between the two assay methods is similar to that seen with the repeat experiments 
using a single technique.
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With biopsies of non-small cell lung tumours (NSCL) there was a relatively high 
success rate (-70%) in measuring SF2 with both the modified Courtenay-Mills assay 
and the ATCCS using the optimised assay protocol (Section 2.4.2). These success 
rates are comparable to those reported by other groups with these assay methods for 
different tumour types, comprising mainly head and neck and cervix tumours [51, 
55]. Reasons for the disappointing results with cervix tumours in this study have 
been discussed previously (Sections 3.4.2.3 and 4.4.6.3).

The range in SF2 measurements with the primary tumour cultures was wider with 
the modified Courtenay-Mills assay than with the ATCCS (ranges 0.18-0.77, c f 
0.15-0.61, respectively) with coefficients of variation of 37% and 34%, 
respectively. The inter-tumour variation with the ATCCS is only slightly larger than 
the variation found with repeat assays on HeLa cells (CVs 34% c f  31%, 
respectively), indicating that a high proportion of the variation could be due to 
experimental 'error' rather than due to real differences between tumours. With the 
modified Courtenay-Mills assay the inter-tumour variation was larger than the 
variation seen with repeat HeLa assays (CVs 37% c/22%, respectively) although the 
differences in variances were only of borderline significance (Section 3.4.2.4). For 
assays set up simultaneously from a single tumour cell suspension the SF2 

measurements with the ATCCS were significantly lower than with the modified 
Courtenay-Mills assay. The mean difference in SF2 values with the two methods 
was - 0.12, with limits of agreement from - 0.04 to - 0.21. This degree of 
agreement would only be sufficient to categorise tumours into broad categories 
according to their sensitivity e.g. sensitive, average and resistant. For the primary 
tumour cultures in this study, the number of tumours at the extreme ranges of 
radiosensitivity is too small to be able to show that even this type of 'rough' 
correlation is present. In experiments with 1st passage tumour cultures, the SF2 

measurements were also significantly lower with the ATCCS than with the modified 
Courtenay-Mills assay but the degree of agreement was worse than with the primary 
tumour cultures (mean difference - 0.31, limits of agreement - 0.10 to - 0.52). For 
the tumour cell lines, primary tumour cultures and the 1 st passage cell lines, the 
agreement in SF2 values between the modified Courtenay-Mills assay and the 
ATCCS was no closer using the 'direct' measurement of SF2 in the ATCCS (i.e. 
using only the 0 and 2 Gy data) than the value derived from the fit of the linear 
quadratic equation to the cell survival data.

The observation that fibroblast contamination could occur in both assay methods has 
been discussed in earlier sections (Sections 3.4.6 and 4.4.7). With the ATCCS
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there appeared to be no inhibition of normal fibroblast growth on 'CAM' coated 
plates compared with uncoated multiwell plates whereas with the modified 
Courtenay-Mills assay the colony forming efficiency of normal fibroblasts was 
considerably reduced compared with bare plastic (Sections 3.4.4 and 4.4.10). Cells 
from normal lung were also cultured in both assay systems with the morphological 
appearance of cells or colonies indistinguishable from the cells cultured from lung 
tumour samples. In a comparison of the growth of cells in uncoated tissue culture 
plastic flasks with both the modified Courtenay-Mills assay and the ATCCS, a 
higher success rate was found with the flasks than with the other two methods (84% 
cf 56% and 47%, respectively). The majority of cells in flasks were fibroblastic, so 
that it would appear that this very high success rate for flasks is almost entirely due 
to the culturing of fibroblasts rather than tumour cells. The most likely reason for 
the higher success rate in flasks compared with the other two methods is the fact that 
a flask is a single 'container' requiring, in theory, only one clonogenic cell to 
propagate a whole flask whereas the other assays require successful growth in 
several test tubes or wells of a plate for the assay to be successful.

One possible explanation for the lower measurements of SF2 and the narrower range 
of values for the primary and 1st passage tumour cultures in the ATCCS compared 
with the modified Courtenay-Mills assay is that there may have been a higher 
proportion of fibroblasts in the ATCCS assay. This would be consistent with the 
observation that the range of fibroblast radiosensitivities among normal individuals is 
smaller than the range among tumours [5]. Interestingly, this does not appear to be a 
general finding with growth assays compared with clonogenic assays. In a review 
of the published literature. Malaise et al. (1989) reported the converse of the findings 
here, with higher mean measurements of SF2 for gliomas in population growth 
assays than in soft agar colony assays [11]. This published data did not, however, 
involve direct comparisons between individual tumours.

The correlation between local tumour control and SF2 reported by West et al. (1993) 
suggests that differences between tumours are larger than assay variability alone and 
that, if fibroblast contamination occurs it is not a clinical problem for the final 
measurement of SF2 [51, 55]. Other workers, however, have found that inter-assay 
variability is similar to that reported in this study and questioned the validity of a 
single measurement of SF2 for clinical use [132]. If both assay methods are 
measuring a mixture of tumour and normal fibroblast radiosensitivity, the question 
as to whether or not tumour and normal tissue radiosensitivity are correlated in an 
individual becomes important. This is discussed further in Chapter 7.
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One potential advantage of the ATCCS over the modified Courtenay-Mills assay is 
that the results were obtained within a shorter time period with a mean of 16 days cf 
29 days, respectively. Sixteen days is, however, still too long for a predictive 
clinical test where the radiosensitivity results should ideally be available at the same 
time as the histology to make decisions regarding the most appropriate treatment 
option for a patient i.e. maximum of ~ 7 days. In practice, there are often delays of 
up to 3 to 4 weeks before patients commence radiotherapy so that, although not 
ideal, a test result that is available in 16 days could be used to modify the 
radiotherapy treatment schedule, provided it was considered to be a useful clinical 
tool.

In conclusion from this study, both the ATCCS and the modified Courtenay-Mills 
assay appear to be satisfactory methods for measuring the radiosensitivity of 
established tumour cell lines where repeat assays can be carried out to minimise the 
effects of inter-assay variation. The modified Courtenay-Mills assay was found to 
be suitable for a wider range of cell types than the ATCCS and the inter-as say 
variability in repeat readings was smaller. With human tumour biopsy specimens 
neither assay method could be considered as a good method for measuring tumour 
radiosensitivity in patients because of the degree of inter-assay variability and the 
presence of fibroblast contamination. On the basis of a wider range of readings for 
primary tumour cultures, less variability with repeat assays on HeLa cells and the 
fact that there is some inhibition of normal fibroblast proliferation relative to 
uncoated plastic, the modified Courtenay-Mills assay should be considered as the 
better of these two assay methods. Taken together with the strong clinical 
correlation found by West et a l  (1993) the modified Courtenay-Mills assay should 
remain as the standard for comparison with newer methods but future work with any 
techniques will require accurate identification of cells in culture [51].

The investigations into the use of magnetic dynabeads coated with an IgM antibody 
for the extraction of fibroblasts showed that this technique provided some degree of 
cell sorting into epithelial and fibroblast cell populations. In all of the experiments 
there was, however, contamination of each cell fraction with the cell type under 
study so that some HeLa cells were 'lost' in the bead fraction and not all fibroblasts 
were removed in the bead fraction. Thus although the preliminary experiments were 
encouraging this method is unlikely to improve the culture of pure tumour cells in the 
form described here. The use of a second antibody-coated bead selection procedure 
with an antibody to epithelial cells might further clean up the tumour cell suspensions 
but this increased handling might impair the culture of the epithelial cells. Future
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development with this technique is likely to require the development of more specific 
antibodies both to fibroblasts and tumour cells than are currently available.
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Chapter 6

The measurement of skin fibroblast radiosensitivity in 
patients

6.1. Introduction

The intrinsic cellular radiosensitivity of normal cells may be an important predictor of 
normal tissue damage following radiotherapy (Section 1.5). To date, several small 
studies have shown a correlation between in vitro fibroblast radiosensitivity and the 
late effects following radiation but no correlation has been found with early radiation 
effects (Section 1.5). Fibroblasts have been studied more extensively than other cell 
types because they can be established in culture with relative ease from skin 
biopsies. The standard method is to set up explants of skin in flasks from which an 
outgrowth of fibroblasts occurs [90]. Assays of radiosensitivity can then be 
performed on passaged cells. Normal human fibroblasts possess a finite 
proliferative capacity which is inversely proportional to the age of the donor but the 
radiosensitivity of proliferating fibroblasts has been shown to remain relatively 
constant with passage number [133, 134].

The explant method for culturing fibroblasts is of limited applicability as a routine 
predictive test because of the long time taken to generate sufficient cells (4 to 6 
weeks) for radiosensitivity assays. However, earlier work undertaken in this thesis 
demonstrated that there was a high success rate in culturing fibroblasts inadvertently 
from enzyme digests of fresh tumours and that radiosensitivity measurements on 
primary cultures could be made in multiwell plates (Section 4.4). These findings led 
to the investigation of a primary disaggregation technique as a method for culturing 
fibroblasts from skin biopsies and studies with a multiwell assay for measuring the 
radiosensitivity of fibroblasts.
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6.2. Aims

The purpose of this work was to investigate a primary disaggregation technique as a 
method for culturing fibroblasts from skin biopsies and a multiwell assay for 
measuring fibroblast radiosensitivity. The overall aim was to try to develop a more 
rapid technique for measuring radiosensitivity which could be used as a clinical test 
in patients. Results are also presented in this Chapter for a small number of patients 
where radiosensitivity measurements were made on kératinocytes or tumour cultures 
in addition to fibroblasts. The keratinocyte experiments were performed by Richard 
Hodgkiss at the Gray Laboratory.

6.3. M aterials and methods

Techniques for the culture of fibroblasts and for radiosensitivity measurements using 
a clonogenic and a multiwell assay have been described in the main methods, 
Sections 2.10 and 2.11. All of the radiosensitivity assays on fibroblasts derived 
from skin biopsies were performed on early passage cell lines (passage numbers 0 to 
5). Keratinocyte cultures were established from skin biopsies and maintained in 
culture using standard published techniques by Richard Hodgkiss at the Gray 
Laboratory [123].

Patient samples
A total of 22 skin biopsy samples were obtained for these studies as follows:
(i) Six surgical samples from patients with benign conditions
(ii) Three surgical samples from patients with tumours (2 breast carcinomas and 1 
melanoma)
(iii) Eight skin biopsies from patients who had received Continuous 
Hyperfractionated Accelerated Radiotherapy Treatment (CHART) for oral cavity 
tumours and who had shown normal reactions to treatment
(iv) Two from patients who had shown extreme sensitivity to radiotherapy treatment. 
In one of these patients radiotherapy treatment for carcinoma of the cervix was 
stopped because of severe bowel toxicity after a total dose of 20 Gy given in 2 Gy 
daily fractions. There were no known predisposing factors to increased radiation 
morbidity. In the second patient severe acute erythema and oesophagitis were 
observed during mantle radiotherapy for Hodgkin's disease and a marked recall 
phenomenon of the same symptoms was observed when the patient received 
chemotherapy four months later.
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(v) Three skin biopsy samples were taken from normal volunteers.

6.4. Results

6.4.1. Primary disaggregation techniques fo r  propagating cultures o f  
fib ro b la s ts
Successful fibroblast growth was achieved in 7/11 samples using method 1 for 
obtaining fibroblasts only (Section 2.10.3). Failure of growth occurred in two 
samples from volunteers where 4 mm punch biopsies had been taken from the 
forearm, compared with 1 cm x 0.5 cm ellipse samples from the buttock in other 
patients, and in two surgical samples. The mean number of viable cells obtained 
from immediate enzymatic disaggregation with method 1 from a 1 cm long x 0.5 cm 
wide ellipse was 1.6 x 10  ̂(range 0.07-1.7 x 10^), which is sufficient cells to set up 
an assay of radiosensitivity on primary fibroblasts.

Using method 2 (Section 2.10.4) for culturing both fibroblasts and kératinocytes, 
successful fibroblast growth occurred in 8/11 samples with infection occurring in the 
remaining three samples. Keratinocyte cultures were established successfully from 
5/11 of the skin samples. The main reasons for failure with the keratinocyte cultures 
were infection (in 4/11 cultures) with fibroblast overgrowth in 2/11. Possible 
factors contributing to the infections with method 2 include the fact that the enzyme 
cocktail in method 2 lacked antifungal agents because of their toxicity to 
kératinocytes and because of the greater handling of the skin required in method 2. 
The success rates for fibroblasts with both methods 1 and 2 are comparable to those 
reported with an explant method but they have the advantage that they result in 
sufficient cells to perform an assay of radiosensitivity after only 7 to 10 days in 
culture compared with 4 to 6 weeks for an explant method.

6.4.2. A comparison o f  a multiwell assay with a colony assay fo r  the 
measurem ent o f  fibroblast radiosensitivity
Repeat experiments with the MRC 5 fibroblast cell line (3 colony assays and 6 
multiwell assays) showed good agreement between these two assay methods over a 
dose range from 1 to 5 Gy (Figure 6.1 A, Table 6.1). For a radiosensitive fibroblast 
cell line, ATS4, there was good agreement between the two methods over the dose 
range 0 to 3 Gy but at higher doses (4-5 Gy), where the cell survival levels were 
low, the Magiscan readings were too low to be clearly distinguishable from the 
background readings (Figure 6.1 B, Table 6.1).
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Figure 6.1. Comparison of a multiwell assay with a colony assay for 
the measurement of fibroblast radiosensitivity. A. MRC5 cell line (six 
multiwell assays and three colony assays). B. ATS4 cell line (six 
multiwell assays and three colony assays).
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Table 6.1. Radiosensitivity measurements on transformed fibroblast 
cell lines.

Cell line A ssay
type

SF2
(SEM*)

a
(A f" )

p ,
f q y " )

mean
SF2

(SEM)

CEE
%

ATS4
(1)

C 0.10
(0.04)

0.78 0.18 31

(2)
C 0.15

(0.01)
0.74 0.10 79

(3)
C 0.13

(0.01)
0.77 0.12 70

M 0.15
(0.02)

0.93 0 0 .1 1
(0 .0 1 )

(1)
M 0.13

(0.04)
0.98 0.02

(2)
M 0.10

(0.01)
1.16 0

(2)
M 0.06

(0.01)
0.52 0.43

(3)
M 0.09

(0.02)
1.18 0

(3)
M 0.09

(0.02)
0.66 0.27

MRC 5 
(4)

C 0.36
(0.04)

0.49 0.01 5.7

(5)
C Ù.30

(0.02)
0.61 0 9.3

c 0.38
(0.04)

0.48 0 6

M 0.28
(0.01)

0.64 0

M 0.47
(0.05)

0.35 0.02 0.36
(0.03)

(5)
M 0.38

(0.02)
0.49 0

(5)
M 0.32

(0.02)
0.57 0

(4)
M 0.48

(0.04)
0.34 0.02

M 0.28
(0.01)

0.63 0

XPGSV40tf M 0.65
(0.07)

0.07 0.07

Abbreviations
C - colony assay 
M - multiwell assay
Numbers (1-4) indicate paired comparisons of colony and multiwell assay where 
experiments were set up on the same day
SEM* - This is the standard error calculated from the fit of the linear quadratic 
equation to the cell survival data (Section 2.13).
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The problem of low survival at higher doses could have been overcome by plating 
more cells at the higher dose levels but the purpose of these experiments was to 
indicate the dose range and cell survival levels over which there was good agreement 
between the two assay methods using the standard experimental protocol (Section
2.11.2). The conclusion from these experiments was that there was good agreement 
between these two methods down to surviving fractions of -  0.02.

In total, 11 paired assays were set up to compare these two assay methods directly 
(6 on early passage fibroblasts, 3 with MRC5 and 2 with ATS4, Tables 6.1 and
6.2). Statistical analysis of these results showed no significant difference in the SF2 

measurements with the colony and multiwell assays (mean paired difference -0.02, 
SD 0.05). The limits of this agreement, expressed as the 95% confidence intervals 
around this mean difference were from -0.14 to 0.10, indicating that the agreement 
was generally good but there was some variation in the results [99]. This variation 
in agreement between the two assay methods is similar in magnitude to the variation 
seen with repeat experiments using a single assay method. The time taken to obtain 
a result with early passage fibroblasts was slightly shorter with the multiwell assay 
(7-10 days) than with the colony assay (12 - 14 days) but this difference did not 
reach statistical significance.

6.4.3. Radiosensitivity assays on primary cultures o f  fibroblasts  
Multiwell assays with primary cultures were set up on 5 patient samples and 
successful measurements of radiosensitivity were made in 4/5. Scanty growth 
occurred in the remaining assay. In one experiment where there was an inadequate 
number of cells to set up a standard assay, half the usual number of cells was plated. 
The total time taken to obtain a result in the successful assays was 11,14, 14 and 23 
days, with the longer duration for the assay with fewer cells plated. Results for 
these assays are shown in Figure 6.2 and Table 6.2. Primary fibroblasts from the 
clinically radiosensitive patient No. 6 were more sensitive than the other cell strains 
and a result was obtained in 14 days, indicating that this might be a useful test in 
patients.

6.4.4. M easurem ents o f  radiosensitivity on early passage fibroblast 
cell lines
Radiosensitivity measurements on 14 cell lines are summarised in Table 6.2. 
Analysing the multiwell and colony assay data together, these results show a range 
in mean values of SF2 from 0.16 to 0.47 (overall mean 0.35, SEM 0.03). The 
coefficient of variation in the individual values from each experiment is 44% and
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analysis of variance for these data show that there are significant differences between 
individual patients (F ratio 2.07, p = 0.04). The coefficient of variation in the mean 

values of SF2 is 27% and the frequency distribution is shown in Figure 6.3. The 

mean SF2 values on the two clinically radiosensitive patients (Patient No.s. 6 and 9) 
are significantly lower than the measurements on the remaining cell lines studied 

(p = 0.04, Wilcoxin rank sums) and are within the range of measurements found 

with the Ataxia Telangiectasia cell line, ATS4 (Figure 6.4).

Figure 6.2. Radiosensitivity m easurem ents on prim ary fibroblast 
cultures from four patients using a multiwell assay.
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Figure 6.3. Frequency distribution of mean SF% measurements in 14 
early passage fibroblast strains.
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Figure 6.4. Mean fibroblast SF2 measurements in patients and two 
cell lines, ATS4 and MRC5 (Error bars represent SEM).
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Table 6.2. R adiosensitivity m easurem ents in early passage human
fibroblast cell lines derived from s
Fibroblast

strain
Assay
type

SF2
(SEM*)

a P mean
SF2

(SEM)

Cf e
%

(1)
C 0.35

(0.02)
0.52 0 10.7

(2)
C 0.24

(0.01)
0.72 0 ^.l2

G L H Fl
(Pt 1) (1)

M 0.55
(0.05)

0.15 0.07 0 .3 8
(0 .0 6 )

-

M 0.47
(0.05)

0.35 0.01 -

(2)
M 0.31

(0.06)
0.42 0.08

C 0.39
(0.17)

0.28 0.10 9.90

GLHF2 
(Pt 2)

C 0.38
(0.07)

0.48 0 0 .3 6
(0 .0 2 )

1.83

c 0.32
(0.03)

0.56 0 11.4

c 0.45
(0.03)

0.32 0.04 7.80

GLHF3 
(Pt 3)

M 0.39
(0.11)

0.47 0 0 .4 6
(0 .0 5 )

M 0.56
(0.05)

0.18 0.06

M* 0.36
(0.07)

0 0.26 -

GLHF4 
(Pt 4)

M 0.39
(0.03)

0.47 0

M 0.48
(0.03)

0.36 0 0 .4 7
(0 .0 7 )

M 0.73
(0.02)

0 0.08

GLHF5 
(Pt 5)

M* 0.39
(0.04)

0 0.23 -

tin biopsies.
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Table 6.2. continued. Radiosensitivity measurements in early passage

Fibroblast
strain

Assay
type

SF2
(SEM*)

a P mean
SF2

(SEM)

CFE
%

C 0.30
(0.02)

0.48 0.06 10.5

C 0.13
(0.01)

1.01 0 5.65

GLHF6 
(Pt 6)

M* 0.15
(0.06)

0.91 0.02 0 .2 5
(0 .0 6 )

M 0.46
(0.09)

0.34 0.02

M 0.20
(0.02)

0.82 0

GLHF7 
(Ft 7)

C 0.42
(0.06)

0.21 0.11 0 .4 6 15.4

M 0.49
(0.09)

0.31 0.02

C 0.29
(0.05)

0.59 0.02 19.4

GLHF8 
(Ft 8)

M* 0.47
(0.05)

0.13 0.12 0 .4 1
(0 .0 6 )

M 0.46
(0.02)

0.25 0.07

C 0.15
(0.03)

0.95 0 9.60

(3)
C 0.27

(0.05)
0.65 0.003 4.80

GLHF9 
(Ft 9)

C 0.06
(0.02)

0.92 0.23 0 .1 6
(0 .0 4 )

13.0

C 0.21
(0.03)

0.78 0 1.67

(3)
M 0.11

(0.02)
0.94 0.09

(4)
C 0.33

(0.10)
0.56 0 6.10

GLHFIO 
(Ft 10)

C 0.16
(0.03)

0.91 0 5.60

C 0.20
(0.01)

0.80 0 Ô.34
(0 .1 2 )

10.2

(4)
M 0.67

(0.03)
0 0.10

(5)
C 0.34

(0.02)
0.54 0 5.80

G L h ÿ U  
(Ft 11)

C 0.24
(0.04)

0.65 0.02 0 .2 7
(0 .0 5 )

1.77

c 0.15
(0.02)

0.93 0 2.57

(5)
M 0.35

(0.09)
0.52 0

208



Table 6.2. continued. Radiosensitivity measurements in early passage

Fibroblast
strain

Assay
type

SF2
(SEM*) a P mean

SF2
(SEM)

CFE
%

GLHF12 
(Pt 12)

C 0.43
(0.06)

0.31 0.05 0 .3 1 1.47

C 0.19
(0.05)

0.74 0.05 5.32

(6)
C 0.33

(0.02)
0.42 0.07 2.80

C 0.15
(0.03)

0.95 0 2.53

GLHF13 
(Pt 13)

C 0.30
(0.01)

0.60 0 0 .2 4
(0 .0 4 )

0.64

C 0.12
(0.01)

1.05 0 4.62

(6)
M 0.29

(0.02)
0.53 0.05

C 0.51
(0.16)

0.17 0.08 2.37

GLHF14 
(Pt 14)

C 0.31
(0.09)

0.45 0.07 0 .4 2
(0 .0 6 )

3.72

M 0.45
(0.07)

0.35 0.03

Abbreviations
* - primary culture 
C - colony assay 
M - multiwell assay
Numbers (1-6) indicate paired comparisons of colony and multiwell assay where 
experiments set up on the same day
SEM* - This is the standard error calculated from the fit of the linear quadratic 
equation to the cell survival data
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6.4.4. A  comparison o f  radio sensitivity measurements in skin  
fibroblasts with other cell types

6.4.4.1. Fibroblasts and kératinocytes
Radiosensitivity measurements were made on both fibroblasts and kératinocytes in 
five patients. These results are shown in Table 6.3 and Figures 6.5 and 6.6. In the 
clinically radiosensitive patient (No. 6) both the fibroblasts and kératinocytes were 
sensitive with SF2  values of 0.25 and 0.21, respectively. There was no obvious 
difference between the fibroblasts and keratinocyte measurements in individual 
patients but the numbers studied is clearly too small to be able to comment on any 
definite relationship between the two cell types.

6.4.4.2. Fibroblasts and tum our cultures
In two patients, radiosensitivity measurements were made on skin fibroblasts, 
kératinocytes and cultures from tumour samples (Table 6.3, Figure 6.6 B. and 6.7). 
Characterisation of the tumour cultures indicated that the breast culture was of 
tumour cells (Pt No. 8) and in this patient the SF2 measurements in kératinocytes, 
fibroblasts and tumour were 0.20, 0.41 and 0.35, respectively. For the clinically 
radiosensitive patient No. 6, the fibroblasts and kératinocytes had similar SF2 values 
(0.25 and 0.21) but the 1st passage cells cultured from cervix were more 
radioresistant (SF2 measurements with the modified Courtenay-Mills assay and the 
ATCCS 0.48 and 0.45, respectively). These 1st passage cells cultured from cervix 
had a fibroblastic morphology with no epithelial features, indicating that they may be 
stromal fibroblasts than tumour cells. If this is the case, it is interesting that they 
appear to be more radioresistant than the skin fibroblasts. In a third patient an 
ATCCS assay was set up from a cervix carcinoma and fibroblasts were cultured 
from an adjacent biopsy of normal cervix (Figure 6.9). Both the tumour and normal 
tissue culture were fibroblastic in this patient with SF2 measurements of 0.15 and 
0.30, respectively.

210



T able 6.3. C om parison o f m easurem ents o f rad iosen sitiv ity  in
kératinocytes, fibroblasts and tumour cultures in individual patients.

Pt
N o .

keratinocyte 
S F 2+ (SEM)

keratinocyte
a

keratinocyte
P

fibroblast
S F 2

tumour
SF2

P t4 0.32
(0.01)

0.57 0 0.47 -

P t5 0.29
(0.03)

0.10 0.26 0.23 -

P t6 0.21
(0.02)

0.79 0 0.25 0.45(A110)
0.48(CY59)

P t7 0.56
(0.03)

0.13 0.08 0.46 -

P t8 0.20
(0.04)

0.62 0.10 0.41 0.35 (AlOO)

Keratinocyte SP2  ̂- represents mean value of a minimum of three experiments
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Figure 6.5. Com parison of radiosensitivity  m easurem ents with 
fibroblasts and kératinocytes. A. Two experiments with kératinocytes 
and one experiment with fibroblasts in patient No. 5.
B. Patien t No. 4. Symbols represent mean of three and four 
experiments for kératinocytes and fibroblasts, respectively. E rro r bars 
represent SEM.

A.

10°

•  fibroblasts 
O  kératinocytes

1. vs ^ NS

0.0 1.0 2.0 5.03.0 4.0

dose (Gy)

B .

1

10°

fibroblasts
kératinocytes <  0 *0 \

0.0 1.0 2.0 3.0 4.0 5.0

dose (Gy) 

212



Figure 6.6. Com parison of radiosensitiv ity  m easurem ents with 
fibroblasts and kératinocytes from patient No. 7. Filled circles
represent results from two fibroblast experim ents. Open circles
represent mean values from three experiments with kératinocytes with 
error bars representing SEM.
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Figure 6.7. Com parison of radiosensitiv ity  m easurem ents with 
fibroblasts, kératinocytes and tumour cell cultures from a patient with 
a breast carcinoma (Pt No. 8).
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Figure 6.8. Com parison of radiosensitiv ity  m easurem ents with 
fibroblasts, kératinocytes and tum our cultures from a clinically 
radiosensitive patient (No. 6). Symbols represent mean values of six 
experim ents for fibroblasts, mean values of five experim ents for 
kératinocytes and single values for a modified Courtenay-Mills assay 
with 1st passage tumour cells. E rror bars represent SEM.
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Figure 6.9. Com parison of radiosensitiv ity  m easurem ents with 
fibroblasts from normal cervix and a prim ary tum our culture from a 
patient with a cervix carcinoma.
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6.5. D iscussion

The multiwell assay was developed for fibroblasts as a modification of the ATCCS 
assay for tumours. In a comparison of the multiwell assay with a standard 
clonogenic assay for measuring fibroblast radiosensitivity, good agreement was 
generally found in the SF2 measurements with these two techniques although there 
was some variation in the closeness of this agreement for assays performed on 
different days. It was notable that, as in the comparison of the modified Courtenay- 
Mills assay with the ATCCS for HeLa cells, no negative bias was seen. This 
finding supports the idea that the negative bias seen in the comparison of the 
modified Courtenay-Mills assay and the ATCCS for primary and 1st passage tumour 
cultures was due to the culture of different cell types in the two assays (Section 5.3).

It was demonstrated in this work that an enzymatic disaggregation technique is a 
satisfactory method for culturing primary fibroblasts from skin samples and that a 
multiwell assay could yield radiosensitivity measurements on primary fibroblasts. 
Of the four results obtained with primary cultures using the multi well assay it is 
encouraging that the clinically radiosensitive patient had radiosensitive primary 
fibroblasts but more data are required to indicate whether or not this assay is able to 
identify this type of patient with any degree of accuracy. For early passage 
fibroblast cell lines there was no obvious benefit of the multiwell assay compared 
with a colony assay. With both assay methods the main delay in obtaining a result 
with early passage cells was the time taken to culture sufficient fibroblasts from a 
skin biopsy to carry out the assays (~ 14 - 21 days with the immediate enzymatic 
disaggregation protocols used in this project. Sections 2.10.3 and 2.10.4). The 
results with the multiwell assay were available after a slightly shorter time period in 
culture (7-10 days) compared with the colony assay (12-14 days), but this difference 
is small relative to the time required to culture sufficient cells for the assays. For a 
predictive clinical test the results would be needed in a maximum total time of ~ 7 
days from the time of taking the skin biopsy. Begg et al. (1993) compared a 
multiwell technique with a colony assay and reported reasonable agreement between 
these methods but did not observe any advantages with the multiwell technique for 
passaged cells [83].

The range of mean SF2 measurements found in early passage fibroblasts from 
fourteen individuals was from 0.16 to 0.47, with an overall mean value of 0.35. 
Despite some variation in repeat assays for individual cell lines, the differences 
between individual patients were statistically significant (Analysis of variance p =
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0.04. Section 6.4.4). This range of SF2 measurements is similar to other reported 
series in the literature: a range of 0.16 to 0.31 in a series of 12 patients by Dahlberg 
et al. (1993), a range of 0.17 to 0.28 in 6  patients by Burnet et al. (1994) and a 
range of 0.10 to 0.42 in the series of 24 patients by Begg et al. (1993) [14, 82, 94]. 
The observation that the two clinically radiosensitive patients had radiosensitive 
fibroblasts confirms previous reports of increased in vitro radiosensitivity in patients 
showing extreme acute reactions to radiotherapy [76-80]. The patients in these 
reports appear to be a heterogeneous group with regards to the specific responses 
shown to radiation and the treatment sites involved. The features common to them 
are that patients showing 'extreme reactions' are reported as rare (< ~ 1%) and have 
often been identified by a need to stop treatment early or to prolong the overall 
treatment time. In this study, one of the clinically radiosensitive patients with 
carcinoma of the cervix developed severe bowel toxicity which necessitated stopping 
treatment after a total dose of 20 Gy given in 2 Gy daily fractions; the other sensitive 
patient did not stop treatment early but the total dose given was only 40 Gy in 2 Gy 
daily fractions as the patient was receiving mantle radiotherapy for Hodgkin's 
disease. It is quite likely that, if this second patient had needed a higher radiation 
total dose e.g. for a squamous cell carcinoma of the head and neck, they would not 
have been able to complete radiotherapy treatment.

An analysis of normal tissue reactions to radiotherapy has shown that there are 
significant differences between individuals in both acute and late reactions but the 
acute and late reactions do not appear to be correlated in individual patients [135]. 
Johansen et al. (1994) found a correlation between the SF3.5 and subcutaneous 
fibrosis in breast cancer patients treated with a dose per fraction between 2.7 Gy and 
3.9 Gy per fraction but, interestingly, no correlation was seen between the SF% and 
the clinical response [85]. Burnet et al. (1994) found a correlation between the 
ranked response to low dose-rate irradiation and the ranked telangiectasia score in six 
patients but there was no correlation with erythema or between SF2 and the clinical 
response [82]. Begg et al. (1994) also found a lack of a correlation between the SF2 

and acute skin erythema [83]. These findings are consistent with an absence of a 
correlation between acute and late reactions in individual patients but they suggest 
that patients who show extreme acute reactions are genetically different from patients 
showing normal skin reactions. Further studies are needed to investigate the 
relationship between acute normal tissue reactions to radiotherapy and in vitro 
fibroblast radiosensitivity.
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The techniques for culturing both fibroblasts and kératinocytes from large surgical 
skin samples have been established for several years but there are few studies where 
success has been reported with small skin biopsies from radiotherapy patients [96, 
123]. In 1992 Geara et al. reported the successful culture of both cell types from 
small skin biopsies from patients but data has been slow to accumulate in the 
literature because of technical difficulties associated with culturing both cell types 
successfully [136]. In the work reported here, successful keratinocyte cultures were 
established from only 5/11 samples due to loss from infection and fibroblast 
contamination, compared with 8/11 successful fibroblast cultures. It might be 
possible to reduce this high infection rate by the addition of antifungal agents to the 
keratinocyte culture medium but the experience at the Gray Laboratory is that 
antifungal agents inhibit the growth of normal kératinocytes (Richard Hodgkiss, 
personal communication). For the five patients in whom radiosensitivity 
measurements were made with kératinocytes the range of SF2 measurements was 
from 0.20 to 0.56 and, in comparison with fibroblasts, there were no obvious 
differences between these two cell types. In a clinically radiosensitive patient both 
the kératinocytes and skin fibroblasts were radiosensitive (SF2 measurements 0.21 
and 0.25, respectively) but, interestingly, fibroblastic cells cultured from a cervix 
tumour were of normal radiosensitivity (SF2 measurements 0.45 and 0.48 in two 
assays). Published studies have reported conflicting findings regarding the 
relationship between fibroblast and keratinocyte radio sensitivity in individual 
patients. Stacey et al. (1989) found that both cell types were radiosensitive in 
patients with ataxia telangiectasia but in eight 'normal' patients the kératinocytes 
were more resistant than the fibroblasts [137]. Geara et al. (1993) reported a similar 
finding in six patients but Parkinson et al. (1986) observed the converse finding with 
kératinocytes being more radiosensitive than fibroblasts [136, 138]. These were all 
small studies and larger series are needed to determine the relationship between 
keratinocyte and fibroblast radiosensitivity.

In a comparison of skin fibroblasts with cells cultured from soft tissue tumours in 
twelve patients, Dahlberg et al. (1993) found the cells from tumours to be 
consistently more radiosensitive than skin fibroblasts but there was a general 
correlation between the radiosensitivity of the two cell types in individual patients 
[94]. It is, however, very difficult to distinguish benign fibroblasts from malignant 
cells cultured from fibroblastic tumours. This potential problem was not discussed 
in this publication but one possibility is that the cultures from tumours may have 
contained non-malignant fibroblasts which would account for the correlation seen 
between the two cell types. In the absence of improved culture techniques for
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human tumour cells this type of study is extremely difficult to carry out and any 
tumour cultures must be characterised in detail.

Lymphocytes were not studied in this project at the Gray Laboratory because of the 
practical difficulties of studying another cell type and because of the concern that the 
radiation response of lymphocytes, which die mainly by apoptosis, may not be 
typical of other cell types which die mainly in interphase (Section 1.6.1). The 
relationship between the radiosensitivity of lymphocytes and other cell types is 
currently unclear. In patients with ataxia telangiectasia and other rare genetic 
radiosensitive syndromes, lymphocytes show increased radiosensitivity similar to 
that seen in fibroblasts [88, 86]. Among normal individuals, however, no 
correlation has been found between lymphocyte and fibroblast radiosensitivity 
[88, 139]. Several studies have found that inter-individual differences in 
lymphocyte radiosensitivity are small in comparison with the variability seen in 
repeat experiments in a single individual and that inter- individual differences are not 
significant [89, 88]. Using low dose-rate irradiation, however, Elyan et al. (1993) 
have demonstrated that there are significant differences in lymphocyte 
radiosensitivity between individuals and that the use of an internal standard for each 
experiment can reduce the effects of inter-assay variability [140, 141]. The 
advantage of low dose-rate irradiation ( -  1 cGy/min) is that it has the effect of 
increasing the differences between individuals, thereby minimising the effects of 
inter-assay variability. This dose-rate, termed the Regaud dose-rate, allows almost 
complete recovery of sublethal radiation damage but no significant cell proliferation 
during the radiation treatment [37]. It is approximately isoeffective with fractionated 
radiotherapy given in 2 Gy fractions, assuming a constant effect per dose for 
fractionated treatment, and may therefore be the most clinically relevant parameter to 
use for patients irradiated with a dose of 2 Gy per fraction (Section 1.3.4) [37]. 
Interestingly, the clinical correlation observed by Burnet et al. (1994) with fibroblast 
radiosensitivity was with the Dq.oi values at low dose-rate irradiation (1 cGy/min) 
and no correlation was seen with the SF2 at high dose-rate irradiation (1-2 Gy/min) 
[82]. The main disadvantage of using low dose-rate irradiation is that the irradiation 
times are long. This requires access to a low dose-rate irradiation source for 
relatively long periods of time and makes the experiments less convenient to organise 
on a routine basis. Further studies are in progress in these centres to investigate the 
relationship between the radiosensitivity of lymphocytes and other cell types.

In summary, the primary disaggregation technique and a multiwell assay for 
measuring the radiosensitivity of primary fibroblasts may be a method suitable for
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identifying patients showing extreme reactions to radiotherapy. The limitation of this 
approach is that relying on a single measurement of SF2 is probably inadvisable 
because of the amount of inter-assay variability seen in repeat experiments. The 
finding of radiosensitive fibroblasts in two patients with extreme acute reactions to 
radiotherapy confirmed reports by other workers in this field. Future work in this 
area must focus on the problems of inter-experimental variability, the time taken to 
obtain a result and the relationship between the radiosensitivity of fibroblasts and 
other cell types and different normal tissue end-points following radiotherapy. This 
is discussed further in the Concluding discussion in Chapter 7.
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Chapter 7

Concluding discussion

Since the 1970s, substantial evidence has accumulated demonstrating that the 
intrinsic cellular radiosensitivity of tumours and normal cells are important factors 
determining the response of tumours and normal tissues, respectively, to 
radiotherapy treatment (Chapter 1). The aim of the work described in this thesis 
was to evaluate methods for measuring the intrinsic cellular radiosensitivity of fresh 
tumour biopsies from patients prior to treatment with radiotherapy. Based on initial 
encouraging results with the Adhesive Tumour Cell Culture System (ATCCS), it 
was decided to evaluate this assay with a range of established tumour cell lines and 
fresh human tumours in comparison with a standard clonogenic assay [52, 53]. The 
method chosen as a standard to compare with the ATCCS was the modified 
Courtenay-Mills assay. This assay was developed in its original form by Courtenay 
and Mills in 1978 and has since been used in its modified form, with the addition of 
growth factors to enhance the growth of primary tumour cultures, by West et al. 
(1989) [3, 113]. More recently. West et al. (1993) have demonstrated a correlation 
between SF2 measured with this assay and both local tumour control and patient 
survival following radiotherapy for carcinoma of the cervix [51]. The main 
limitations of the modified Courtenay-Mills assay are that the maximum reported 
success rates in obtaining measurements of radiosensitivity are ~ 70% and the time 
taken to obtain a result is too long for information to be available prior to 
radiotherapy treatment (~ 30 days). It was hoped that the ATCCS would yield 
higher success rates for a wide range of tumour types and that the results would be 
available within a shorter time period, suitable for clinical studies.

To summarise the work carried out for this thesis, the first stage involved setting up 
both assay methods at the Gray Laboratory as neither method had been used 
previously at this centre. Work was then commenced to optimise the assays and to 
make comparisons of both techniques using estabhshed human tumour cell lines and 
human tumour biopsy specimens. The demonstration that fibroblast contamination 
could occur with both assay methods led to the development of a new technique 
using antibody-coated magnetic beads to try to remove unwanted stromal fibroblasts 
from tumour cell suspensions. It was also decided to try to exploit the unwanted 
finding that stromal fibroblasts from tumours could proliferate in primary culture by 
using a primary disaggregation technique as a method for culturing normal
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fibroblasts from skin biopsies and a multiwell assay as a method for measuring 
fibroblast radiosensitivity.

Optimisation o f  the Magiscan image analysis system fo r  the ATCCS

One of the observations made in preliminary experiments with the Magiscan image 
analysis system for the ATCCS was that there was wide variation in repeat readings 
of optical density with a coefficient of variation (CV) of 22% at low cell numbers 
(Section 4.4.1). Relatively simple modifications were introduced which reduced this 
variation in repeat readings down to 3%. These changes included the use of an 
alignment jig to position the multiwell plates, the introduction of a 529 nm filter, a 
black curtain to reduce the effects of stray light and the replacement of a Vidicon 
camera by a CCD camera. Further modifications were made to the software which 
increased the sensitivity of the system and I am grateful to Rosalind Locke and Boris 
Vojnovic at the Gray Laboratory for their help with this. These modifications aimed 
to minimise the contribution of errors from the Magiscan image analysis system to 
the final estimates of cell survival in the ATCCS (Sections 2.4.4.2, 2.4.4.3 and
4.4.1).

The next stage of experiments with the ATCCS tried to validate the assumption that 
readings of integrated optical density (lOD) with the Magiscan were proportional to 
the number of cells present in individual wells of a plate (Sections 2.4.5 and 4.4.3). 
These experiments showed that at low cell numbers there was a near linear 
relationship between lOD and cell number but at higher cell numbers the lOD 
readings were lower than expected. Three factors were thought to be responsible for 
this finding; firstly, at high cell density there was some degree of growth inhibition 
relative to lower cell densities; secondly, it was observed that cells at high cell 
density tended to pile up over each other which could potentially give rise to non
uniformity in staining with crystal violet and thirdly, non-linearity was observed 
with the Magiscan at high readings of lOD which were due to the quantisation of 
light intensity readings. These observations supported the use of the analysis 
procedure described by Baker et al. (1986) and given in the protocol kindly sent by 
Dr Bill Brock [52]. In this procedure, the plots of corrected lOD (corrected for 
'background' counts) versus cell number plated were fitted by linear regression. 
High density well readings, where this phenomenon of lower than expected readings 
of lOD was observed, were excluded from the data analysis. Two potential sources 
of error were involved in this step of the analysis: the errors representing the
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'goodness of fit' of the data by linear regression and the potential errors introduced 
by excluding the some of the high cell density data. The errors from the linear 
regression fits were incorporated into the errors shown on the final plots of cell 
survival versus dose and there was quite wide variation in the size of these errors. 
This can be seen in graphs for the primary tumour culture assays which are 
presented in the Appendix (Figures 8.1-8.28). The exclusion of some of the high 
cell density data was partly subjective and introduced a possible source of observer' 
bias. The magnitude of this 'observer' bias could be examined in future work by 
comparing the analysis of data sets by more than one observer.

Experiments with established tum our cell lines

The next series of experiments looked at the amount of variability in repeat 
measurements of SF2 with the modified Courtenay-Mills assay and the ATCCS for a 
single cell line (HeLa cells). In the modified Courtenay-Mills assay the coefficient of 
variation (CV) in eight repeat readings was 22% and in assays set up in direct 
comparison in the ATCCS the CV was 31% (Section 5.3.1). This amount of'inter- 
experimental or 'inter-assay' variation compares with a range of CVs of 16-21% 
reported by Raaphorst (1993) in 12-29 repeat clonogenic assays using established 
cell lines [132]. The CV of 22% for the modified Courtenay-Mills assay is 
consistent with these data but the CV of 31% in the ATCCS would appear to be 
higher than might be expected in a clonogenic assay. Raaphorst (1993) used the 
findings sited in that paper to question the validity of using a single estimate of cell 
survival as a reliable measure of radiosensitivity [132]. For the modified Courtenay- 
Mills assay, West and Hendry (1992) reported the inter-experimental variation to be 
11%, compared with an intra-experimental error of 19% and intra-tumour 
heterogeneity of 15% [16]. Despite these large experimental errors the inter
individual differences in SF2 were statistically significant and a strong clinical 
correlation has been found between both local tumour control and patient survival 
and SF2 measured in the modified Courtenay-Mills assay [51]. Brock et al. (1989) 
carried out multiple assays with the ATCCS from a single cell suspension and 
showed that the CV in repeat SF2 measurements in this situation (with pipetting and 
handling errors reduced) was 9%, compared with a CV of 23% with multiple 
biopsies from the same patient and 43% with tumours from different patients [53]. 
To date, there have been two published series indicating a trend for SF2 or a  

measured in the ATCCS to correlate with local tumour control but there is no firm 
evidence to indicate that the assay is measuring a parameter which has prognostic 
significance in patients [4, 55].
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Potential sources of error in any cell survival experiment have been summarised by 
Boag (1975) [142]. These include dilution errors due to inaccuracy in the volume of 
suspension transferred, sampling errors due to the limited number of cells 
transferred in the dilution or plating and 'Gremlin' errors due to inadequately 
controlled variables in any experiment, for example, quality of serum or temperature. 
One potential method for reducing inter-assay variability due to 'Gremlin' errors is 
the use of an internal control or standard. This is a routine procedure which is used 
in many laboratory assays, for example coagulation assays in haematology 
laboratories, where a control value is always presented in comparison with the test 
measurement. In a study of the intrinsic radiosensitivity of peripheral blood 
lymphocytes, Elyan et al. (1993) used an internal standard to normalise the results 
relative to this value and demonstrated that the CV for repeat assays on a single 
individual was reduced from 41% to 19% [141]. The justification for using an 
internal standard to normalise results was based on the observation that the ranking 
of three cell lines of differing radiosensitivity remained constant in repeat 
experiments despite considerable variation in the absolute measurements of 
radiosensitivity. This finding would suggest that 'Gremlin' errors were the main 
source of variation in the radiosensitivity measurements on lymphocytes and that 
other errors were relatively small. In the comparison between repeat HeLa SF2 

measurements in the modified Courtenay-Mills assay and the ATCCS presented in 
this thesis in Table 5.1 it can be seen that, relative to the mean value for each assay 
method, the SF2 values in the two assays did not go up or down together. For 
example, on several days there was a relative reduction in the SF2 measurement in 
the ATCCS compared with the mean value for this assay whilst there was a relative 
increase in the corresponding modified Courtenay-Mills assay. These results would 
suggest that the 'Gremlin' errors which were common to both assay methods, for 
example temperature or pH of the medium were small relative to the intra-assay 
errors. An internal standard with each assay could identify 'Gremlin' errors which 
were specific to each assay method but such errors are likely to be rare, for example, 
errors associated with the use of a single X-ray jig. Thus, whilst an internal 
standard would be useful to check for large, unexpected errors, the results presented 
here suggest that it would not be valid to normalise all results relative to the internal 
standard.

One technique which has been developed to reduce the errors associated with plating 
and counting cells is a computerised microscopic analysis system which is able to 
revisit and count cells and at individual locations in a flask [143]. Whilst this 
technique has been successfully used with established tumour cell lines it requires
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cells to grow as a monolayer on plastic and would not currently be applicable for 
primary tumour assays. A further method which has the effect of increasing the 
differences in radiosensitivity measurements between individuals, and thereby 
minimises the effects of inter-assay variation, is the use of low dose rate 
(~lcGy/min) irradiation which has been discussed previously in Sections 1.3.4 and 
6.5. Low dose-rate irradiation (~lcGy/min) allows recovery of sublethal damage 
repair to occur during radiation treatment but no significant cell proliferation [37]. 
Assuming a half-time for recovery of ~ 1 hour, it can be shown that this dose-rate is 
approximately isoeffective with fractionated X-ray treatments given in 2 Gy fractions 
so that it may also be the most clinically relevant parameter to use in clinical studies 
comparing in vitro radiosensitivity with the clinical outcome following this 
radiotherapy schedule [37].

In addition to HeLa cells, four other established cell lines were studied using the 
modified Courtenay-Mills assay and ATCCS to examine the level of agreement 
between SF2 measurements in these two assay systems (Sections 3.4.1, 4.4.5 and
5.3.1). In a direct comparison of the two assay methods reasonable agreement was 
found between the measurements of SF2 (mean difference in SF2 = -0.03) but there 
was variation in the closeness of this agreement for comparisons set up on different 
days. The limits of agreement between the two assays, expressed as the 95% 
confidence limits around this difference, were from -0.10 to -0.16. Thus, although 
both assay methods gave, on average, very similar measurements the agreement was 
not sufficiently close for a result with one assay method to be replaced by a result 
with the other method.

Experim ents using human tumour biopsy specimens

In the next series of experiments in this project, the modified Courtenay-Mills assay 
and the ATCCS were evaluated using human tumour biopsy specimens. The initial 
results with both assay methods were, however, disappointing (Sections 3.4.2.3, 
4.4.6.3 and 5.3.2.1). In a direct comparison of the modified Courtenay-Mills assay 
and the ATCCS, the success rates in early experiments were 6/24 (25%) and 5/24 
(21%), respectively. The main factors thought to be responsible for these low 
success rates were suboptimal handling of the biopsy samples with delays in setting 
up the assays or freezing the tumour samples and the use of a batch of serum which 
was suboptimal for these cultures. These poor results led to the use of a new batch 
of serum and a change in the types of tumours being studied from mainly head and
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neck and cervix tumours to surgical samples of non-small cell lung tumours (NSCL) 
because these samples were large and could be obtained fresh and processed rapidly. 
In addition, specific modifications were introduced into the ATCCS assay compared 
with the original protocol of Baker et a l  (1986) and Brock et al. (1990) [4,52]. The 
main modifications were the standardisation of the modified Courtenay-Mills enzyme 
disaggregation method for both assays so that the comparisons of both assays could 
be made from a single tumour cell suspension, the use of the modified Courtenay- 
Mills assay medium in both assays and the plating of higher cell numbers per well in 
the ATCCS (Section 2.4.2).

Using these optimised assay protocols, and studying mainly lung tumours (NSCL), 
the success rates with primary tumour cultures were improved to 21/28 (75%) and 
19/28 (68%) for the modified Courtenay-Mills assay and the ATCCS, respectively, 
where both assays were compared directly (Sections 2.4.2, S.4.2.2, 3.4.2.3, 4.3.4 
and 5.3.2.1). This gave overall assay success rates of 27/52 (52%) and 24/52 
(48%), respectively. These improved success rates are comparable to those reported 
by West et al. (1993) with cervix tumours in the modified Courtenay-Mills assay and 
by Brock et al. (1990) and Girinsky et al. (1994) for head and neck and cervix 
tumours in the ATCCS (previously discussed in Sections 3.5 and 4.5) [51,4, 55]. 
Other workers have reported lower success rates with the ATCCS. Price et al. 
(1991) found an overall success rate of 41% with growth in 3/4 cervix tumours but 
only 2/11 bladder tumour, indicating that successful growth in the ATCCS may be 
dependent on tumour type [57].

Successful measurements of radiosensitivity were made in a total of twenty-nine 
primary human tumour cultures in the modified Courtenay-Mills assay and twenty- 
eight tumours in the ATCCS. For tumour samples where there was adequate 
material to set up both assays, successful measurements of radiosensitivity were 
made in both assays for 19 tumours. In the modified Courtenay-Mills assay the 
range of SF2 measurements was 0.16-0.79 (mean 0.45) and in the ATCCS there 
was a slightly narrower range of 0.11-0.61 (mean 0.33) (Sections 3.4.2.4 and
4.4.6.4). These ranges of SF2 are similar to those reported in other studies 
(previously discussed in Sections 5.3.5 and 4.5). For the modified Courtenay-Mills 
assay the inter-tumour variance in SF2 was greater than the variance seen in repeat 
HeLa assays (p=0.05). For the ATCCS, however, there was no significant 
difference in the variances for the primary tumour cultures compared with the repeat 
HeLa assays. These results suggest that inter-experimental variation may account 
for some of the apparent inter-tumour variation in SF2 , particularly in the ATCCS.
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In a direct comparison of the two assays, the primary tumour culture SF2 

measurements were found to be significantly lower in the ATCCS than in the 
modified Courtenay-Mills assay, with a mean difference of -0.12. The limits of 
agreement between the two assays, expressed as the 95% confidence limits around 
this mean difference, were from -0.04 to -0.21. Based on the observation that 
fibroblast contamination could occur in both assays (discussed below) and that the 
published mean values of SF2 for fibroblasts are generally lower than for series of 
tumours, one possible explanation for this finding is that the ATCCS cultures may 
have contained a higher proportion of fibroblasts than the modified Courtenay-Mills 
assay (Sections 5.3.2.2 and 5.5) [5, 144]. There are other theoretical reasons as to 
why these two assays might give different measurements of radiosensitivity which 
are related to the fact that the ATCCS is not measuring colony formation as its end
point. This could lead to an overestimate of cell survival in the ATCCS because 
some of the cells at the time of fixation may have undergone one or two abortive 
divisions but not be clonogenic cells with the capacity for further cell divisions (six 
cell divisions are required in a clonogenic assay to give a colony of >50 cells). The 
use of lOD ratio in irradiated compared with control wells in the ATCCS is based on 
the assumption of an equal doubling time for control and irradiated cells. If the 
irradiated cells grow more slowly than unirradiated cells then the SF2 would be 
underestimated by the ATCCS. Although these are theoretical problems with this 
assay, reasonable agreement was seen between the ATCCS and a clonogenic assay 
for established cell lines so these factors are unlikely to be sole reasons for the 
difference in measurements observed for the primary tumour cultures.

The results summarised and discussed above show that there are considerable errors 
associated with a single measurement of SF2 and that fibroblast contamination can 
occur in primary tumour cultures. The SF2 values obtained in the above experiments 
are, therefore, unlikely to be precise measurements of radiosensitivity and may 
reflect both tumour and normal tissue radiosensitivity. With these reservations about 
the measurements, it is worth considering what these values might mean for clinical 
radiotherapy if they did represent the in vivo radiosensitivity of human tumours. 
Using a simple extrapolation from the SF2 values to estimate the surviving fraction 
of cells in the tumour after 30 fractions of 2 Gy ([SF2 ]^^) and considering the 
situation for a tumour containing 10  ̂clonogenic cells, the highest and lowest SF2 

measurements obtained in this study would give the following values: for a tumour 
with an SF2 value of 0.11 the surviving fraction of clonogenic cells would be 10"^^ 
so that clinical cure would be readily achieved; for a tumour with a SF2 value of 
0.79, however, the remaining number of clonogens would be 8x105, so that local
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tumour control would not be achieved. The tumours in this study were mainly 
surgical specimens of NSCL tumours where the patients received no radiotherapy so 
that unfortunately no local tumour control data are available. Similar calculations 
have been carried out by Steel (1989) and Suit (1989) who have pointed out that 
although these calculations ignore other factors which are likely to be relevant in vivo 
including hypoxia, the rate of cell proliferation and the possible effects of 
intercellular contact, the achievement or failure of local tumour control could be 
explained entirely on the basis of differences in radiosensitivity so that SF2 is, 
clearly potentially, a very important prognostic parameter [11,15].

Less plausible figures for tumour cell survival would be obtained, however, if the 
number of clonogens in a tumour is much smaller or larger than assumed in these 
calculations. In this study the median colony forming efficiency in the modified 
Courtenay-Mills assay was 0.16% (range 0.01-0.63%) which is similar to that 
reported in other studies (median value of 0.06% reported by West et. at (1993) 
[51]. If it is assumed that the colony forming efficiency represents the number of 
clonogenic cells and that the viable cell yield per gram of tumour is a measure of the 
total number of viable tumour cells (i.e. ignoring the presence of stromal cells and 
assuming in vitro viability to be the same as in vivo) then the number of clonogenic 
cells in a tumour with a colony forming efficiency of 0.16% and a viable cell yield 
per gram of tumour of 4.7x10^ (the mean value obtained in this study for cervix and 
lung tumours), would be only 3.8x10® clonogens in a tumour weighing 5 g. On 
histopathological examination of tumours it can be seen that the proportion of stroma 
is highly variable with some tumours containing up to 80-90% stroma, so that 
correction for this would lower this estimated number of clonogens further [145]. 
Conversely, the number of viable cells/g estimated in vitro may be an underestimate 
of the number of viable cells in vivo because of incomplete digestion of the tumour 
specimen or cell death due to the disaggregation process. Based on simple 
geometry, the number of cells in a 1 cm^ tumour can be calculated as being 
approximately 10^ cells which suggests that the value of 4.7 x 10^ viable cells/g 
obtained in this study may well be an underestimate of the total number in vivo. 
Clearly, if the number of clonogens within tumours is very low, then tumour cure 
based on SF2 alone should be achieved in all patients which does not fit with chnical 
experience.

As discussed in the introduction (Section 1.4.1), the observation that colony forming 
efficiency can be increased by minor modifications in growth media would suggest 
that the CFE values currently obtained may underestimate the real values. Data from
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mouse experiments do, however, show a correlation between the CFE and the 
number of cells required to transplant a mouse tumour and there is evidence in the 
study of West et al. (1993) that patients with tumours with a high CFE had an 
increased rate of local recurrence [49, 51]. This would suggest that CFE does in 
some way reflect the true clonogen number. To answer the question as to the 
significance of the values of SF2 and CFE obtained in this project, the evidence 
discussed suggests that these parameters may well not represent the true in vivo 
measurements but they do appear to have some direct clinical relevance.

One of the most important findings in this thesis was that normal human fibroblasts 
could proliferate in both the modified Courtenay-Mills assay and the ATCCS 
(Sections 3.4.4-3.5, 4.4.7-4.5 and 5.3.4). This has been previously reported with 
the ATCCS but was an unexpected finding in the modified Courtenay-Mills assay 
[56, 121]. Following the demonstration that normal early passage skin fibroblasts 
could proliferate in both assays, it was shown that normal lung could also proliferate 
in these assays and that these cultures were indistinguishable from cultures from 
lung tumour specimens based on morphological, immunohistochemical and 
transmission electron microscopic criteria. This raised concern as to the nature of 
cells cultured from human tumour biopsy specimens and an attempt was made to 
characterise some of the primary tumour cultures. This was found to be technically 
difficult for several reasons. In all of the experiments the number of cells for 
analysis which were spare to the radiosensitivity assays was small, comprising 
usually only three or four CAM' coated coverslips in the ATCCS or 10-20 colonies 
in the modified Courtenay-Mills assay so that repeat immunohistochemical staining 
could not be performed if ambiguous results were obtained. For the modified 
Courtenay-Mills assay the colonies in agar required handling using small needles 
under direct microscopic vision and, despite considerable care, several colonies fell 
apart. In some assays this problem was overcome by making cytospin preparations 
of cells from colonies but this required several colonies to be 'pooled' together to 
give sufficient numbers of cells. In the ATCCS, the CAM' coated coverslips were 
made of plastic and gave very high background fluorescent staining making 
interpretation difficult and preventing taking photographic documentation of the 
findings. Despite these technical problems, the data obtained from these experiments 
demonstrated that fibroblast contamination of primary tumour cultures was a 
problem with both the ATCCS and the modified Courtenay-Mills assay. Clearly, in 
all future work attempts must be made to characterise primary cultures from tumour 
specimens.
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One of the reported advantages of the ATCCS was that results were available after 
approximately two weeks compared with four weeks in the modified Courtenay- 
Mills assay [53]. For the primary tumour assays carried out in this project the total 
time to obtain a result of SF2 was 29 days in the modified Courtenay-Mills assay 
compared with a mean duration of 16 days in the ATCCS (range 10-28 days) 
(Section 5.3.2.3). If measurements of radiosensitivity are to be of use for selecting 
patients for the most appropriate treatment the results should, ideally, be available at 
the time that decisions are made about treatment options, which is approximately one 
week from the time a biopsy is taken. The time scale for even the ATCCS is, 
therefore, too slow for results to be available at this stage but they could be used to 
modify a radiotherapy treatment schedule that had already commenced, for example, 
by increasing or decreasing the total dose of radiotherapy planned.

The results discussed so far complete the main findings in this project on the 
modified Courtenay-Mills assay and the ATCCS. The aim had been to evaluate the 
ATCCS as a method for measuring the radiosensitivity of human tumour biopsy 
specimens with the hope of it being a suitable assay for use in large clinical studies. 
The results presented in this thesis have shown that there is a large amount of inter
assay variability and that extensive fibroblast contamination was present in the 
ATCCS. In addition, the maximum success rate was ~ 70%, which is too low for a 
routine clinical test for patients. These factors, in my view, make the ATCCS an 
unsuitable method for measuring tumour radiosensitivity and I would not advocate 
further work with this technique. The demonstration that fibroblast contamination 
could occur in the modified Courtenay-Mills assay and that considerable inter-assay 
variation was present also demonstrate that there are problems with this technique. 
As discussed previously in Section 5.5, however, the strong correlation between 
SF2 measured in the modified Courtenay-Mills assay and both local tumour control 
and patient survival following radiotherapy support the continued use of this method 
as the current standard for measuring human tumour radiosensitivity.

Extraction o f  stromal fibroblasts from  tumour cell suspensions

Following on from the demonstration that fibroblast contamination could occur in 
both assays, experiments were commenced with antibody-coated magnetic 
Dynabeads to try to remove unwanted fibroblasts from tumour cell suspensions 
(Section 5.4). This technique has been used successfully for the separation of 
several different cell types, including haematological cells, endothelial cells and
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colorectal tumours but there are no published reports of its use for selectively 
removing fibroblasts from tumour cell suspensions [127, 128-130]. The antibody 
used in this project was an IgM antibody (Sigma MC48) which was reported to react 
with a surface antigen on fibroblasts, macrophages and monocytes but not with 
epithelial cells or lymphocytes [131,125]. Experiments with known mixtures of 
tumour and fibroblast cell lines showed that approximately 70% of fibroblasts were 
removed with this technique but the remaining fibroblasts were able to proliferate 
and contaminate the tumour cell fraction. An attempt was made to increase the 
proportion of fibroblasts extracted by using a second incubation with the beads but 
this resulted in only a further 6% increase in the percentage of fibroblasts removed. 
It was concluded from these experiments that this approach was unsatisfactory in its 
current form. For significantly improved extraction rates to be achieved it is likely 
that additional antibodies will needed to 'positively' select for tumour cells after the 
removal of some of the fibroblasts. The procedure could then be carried out in two 
stages with the first incubation aiming to remove fibroblasts and, in the second 
incubation, using an antibody to epithelial cells to positively select for the tumour 
cells. This will require the development of more specific and high affinity antibodies 
to epithelial cells which can be used on unfixed cells.

The measurement o f  radiosensitivity in human fibroblasts

The aim of the work presented in Chapter 6 was to try to develop a more rapid 
technique for measuring fibroblast radiosensitivity than the standard method of 
culturing cells from explants of skin and then performing a clonogenic assay (total 
duration ~ 6-8 weeks) [73, 90]. The approach taken for culturing cells was to try to 
propagate fibroblasts from a single cell suspension obtained from skin either as a 
culture of fibroblasts alone, or of both fibroblasts and kératinocytes (Section 2.10.2-
2.10.4). The experiments with kératinocytes were carried out by Dr Richard 
Hodgkiss at the Gray Laboratory. A multiwell assay was then developed as a 
modification of the ATCCS assay for tumour cells and a comparison made between 
this assay and a clonogenic assay using early passage fibroblast strains (Sections 
2.11.1 and 2.11.2).

To summarise the main results from this work, it was shown, firstly, that a primary 
enzymatic disaggregation technique is a satisfactory method for culturing fibroblasts 
from patients. It was found that both fibroblasts and kératinocytes could be cultured 
from a 1 cm long ellipse of skin but there was a high infection rate with the
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kératinocytes, thought to be due to the fact that these cultures required greater 
handling (feeding three times per week) than the fibroblasts and that antifungal 
agents could not be used in the keratinocyte medium because of toxicity to the 
kératinocytes (Section 6.5). Using the enzymatic disaggregation technique and a 
multiwell assay, radiosensitivity measurements were made successfully in four 
primary cultures of human fibroblasts, with a result available between 14 and 21 
days. Further experiments were then carried out using early passage fibroblasts to 
try to validate the multiwell assay as a method for measuring radiosensitivity. These 
showed reasonable agreement between the measurements of SF2 in the two assays, 
with a mean difference of 0.02 but there was some variation in the closeness of this 
agreement for comparisons set up on different days (limits of agreement from -0.14 
to 0.10). This amount of variation is consistent with the degree of inter-assay 
variability seen in repeat experiments with each technique (Sections 6.4.1-6.5). 
Interestingly, the level of agreement between these two assays is very similar to that 
seen between the ATCCS and the modified Courtenay-Mills assay for established 
tumour cell hnes, adding further support to the idea that the lower SF2 measurements 
in the ATCCS for primary tumour cultures may have been due to the culture of a 
different cell type in the ATCCS (e.g. a higher proportion of fibroblasts).

In experiments with fourteen early passage fibroblast strains it was shown that the 
inter-individual differences in SF2 measurements were statistically significant, with 
an overall range of mean SF2 values from 0.16-0.47 (mean 0.35). Two of these 
fibroblast strains were derived from patients who had shown extreme acute reactions 
to radiotherapy and these were significantly more radiosensitive than the other cell 
strains (Section 6.4.4). The range of SF2 measurements found in this study is 
similar to other published series and the observation that patients showing extreme 
reactions to radiotherapy show increased in vitro radiosensitivity confirms previous 
reports [94, 81, 83, 76-78, 79, 80].

As discussed previously, the range of values of fibroblast SF2 measurements found 
in this study is narrower than that seen with tumour cultures and this has been 
reported as a general finding [11]. By comparison with tumour cells there appears to 
be an absence of 'resistant' fibroblast strains with the highest SF2 values for 
fibroblasts of -0.50, compared with up to -0.9 reported with some resistant tumour 
cell lines such as glioblastomas [2]. In clinical terms this suggests that, considering 
radiosensitivity alone, there will often be greater cell kill of normal cells compared 
with tumour cells in the same treatment volume. Other factors must therefore be 
responsible for the fact that tumour local control can be achieved, whilst at the same
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time, skin necrosis is rare and wound healing after surgery can still occur after total 
doses of ~ 50-60 Gy given in 2 Gy daily fractions. Suit (1989) has suggested that 
this might be explained by either a very low number of clonogens in tumours relative 
to the number of normal cells or by the reconstitution of areas of normal tissue 
within the irradiated volume by cells beyond this region [11]. As discussed above 
with regard to tumours, it appears that the in vitro measurements of fibroblast 
radiosensitivity do have clinical relevance but the absolute values may well be 
different from the 'true' in vivo values.

Several experiments were carried out to compare the radiosensitivity of fibroblasts 
with kératinocytes and tumour cultures but the numbers studied were too small to 
make any definite conclusions regarding the relationship between these cell types 
(Section 6.4.4.1 and 6.4.4.2). One of the clinically radiosensitive patients had 
fibroblasts and kératinocytes which showed similarly low SF2 measurements (0.25 
and 0.21) but, interestingly, the cells cultured from a cervix tumour biopsy were 
more radioresistant with SF2 values of 0.48 and 0.45 in two assays, respectively. 
In Section 6.5 it was discussed that there are relatively little published data on the 
relationship between the cellular radiosensitivity of these different cell types and 
further work is required in this area.

It was concluded from the work on normal fibroblasts that the primary 
disaggregation technique was a good method for culturing fibroblasts from skin 
biopsies. This will continue to be the standard method used in future work at the 
Gray Laboratory. Although it was demonstrated that the multiwell assay could be 
used to measure the radiosensitivity of primary fibroblasts results were only 
available after 14-21 days, which is longer than the ideal time of ~ 1 week if the 
results are to be back at the time that the initial decisions regarding treatment are 
made. There is also concern about relying on a single assay result because of the 
problem of inter-experimental variability. The sources of errors for fibroblast 
radiosensitivity assays are the same as those with tumour assays and the approaches 
of using an internal standard, irradiating at low dose-rate or using a computerised 
microscopic analysis method, as discussed above, may be of value in minimising 
inter-assay variability.
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T h e f u tu r e  o f  rad io  se n s itiv ity  a ssa ys  a n d  c lin ic a l a p p lic a tio n s

In the final part of this thesis I would like to discuss the future of radiosensitivity 
assays. An ideal assay for measuring radiosensitivity, should in my opinion, give a 
result in over 95% of patients, the results should be available within -  7 days and the 
measurements should be accurate to within +/- 5% in accordance with the standards 
set for radiotherapy treatment planning. In addition, it is essential, in the case of an 
assay for tumours that it is specific for tumour cells and, if the assay is to be set up 
in several laboratories to the same standard, it should be largely automated and not 
require too much input from highly specialised staff. For any assay to be widely 
adopted in chnical practice it will have to be shown that it is cost-effective, although 
this can only be investigated once a sufficiently accurate technique becomes available 
and prospective clinical studies are carried out.

The requirements for an ideal radiosensitivity assay are, therefore, unlikely to be met 
by any type of growth assay because of the time taken to obtain a result. It should, 
however, be possible to develop better techniques for isolating tumour cells from 
biopsy specimens prior to carrying out a more direct method for measuring 
radiosensitivity. The approach investigated here of using magnetic beads coated 
with specific antibodies has the potential to achieve this if better antibodies become 
available and further research is warranted in this area. For a more direct method for 
measuring radiosensitivity, encouraging preliminary results have been published on 
pulsed field gel electrophoresis for measuring DNA double strand breaks after 
irradiation and fluorescence in situ hybridisation as a measure of chromosome 
damage in established cell lines [61, 67]. Further work is needed with these 
techniques to see if they can be applied to human tumour biopsy specimens. 
Extensive basic cell biology research is also being carried to investigate the cellular 
mechanisms underlying the radiation response of cells, including the role of DNA 
repair genes and oncogenes which may lead to the development of more rapid assays 
of radiosensitivity [61, 30].

The greatest chnical benefit from radiosensitivity assays is likely to be achieved by 
measuring the radiosensitivity of both normal cells and tumour cells in individual 
patients, together with other prognostic parameters such as the rate of tumour cell 
proliferation, the number of clonogens and the proportion of hypoxic cells. The 
optimum treatment for individual patients could then be selected on the basis of these 
parameters. As discussed in the introduction to this thesis, mathematical modelling 
studies suggest that intrinsic radiosensitivity will be the most important of these
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parameters so that tumour and normal cell radiosensitivity should be known prior to 
modifying treatment on the basis of other parameters [35, 146].

In patients who are shown to have extremely radiosensitive normal cells, the main 
treatment options will be to either reduce the total dose of radiation or to use an 
alternative treatment modality such as surgery. The most appropriate treatment will, 
however, depend on the relationship between the radiosensitivity of tumour cells and 
normal cells in individual patients. Dahlberg et al. (1993) published data to suggest 
that there is a correlation between the radiosensitivity of tumour cells and fibroblasts 
in individual patients but clearly further work is needed in this area [94]. West and 
Hendry (1992), Norman et al. (1988) and Thames et al. (1991) have suggested that 
greater local tumour control might be achieved by dose-escalation if the normal cell 
radiosensitivity is known and patients with sensitive normal cells or very resistant 
tumours are excluded [16, 95, 147]. As a clinician, my own view is that whilst this 
is a valid modelling exercise, any suggestion of dose-escalation must be viewed with 
extreme caution in patients, who by their nature of being human beings are a 
heterogeneous group where a large number of different factors might potentially 
increase normal tissue morbidity. Such factors include smoking, arteriovascular 
disease or the presence of other inter-current illness. A more realistic goal of this 
work is to be able to avoid treating patients with extreme normal tissue sensitivity 
and to be in the position to consider carefully all the available treatment options in 
patients with radioresistant tumours. If this can be achieved through the 
development of new assays for cellular radiosensitivity, it will be of enormous 
practical benefit to the field of clinical radiotherapy.
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Appendix

This appendix contains Tables which give details of assay results with the modified 
Courtenay-Mills assay (Tables 8.1-8.3). It also contains a series of graphs (Figures 
8.1-8.28) showing cell survival data for each of the ATCCS assays where 
successful growth was achieved from fresh human tumour biopsies. For each 
tumour, the graphs are as shown in the key below:

Key
Graph A: Magiscan readings of optical density (lOD) plotted versus X-ray dose 
Graph B: Cell survival data, calculated from data in Graph A, plotted versus X-ray 
dose.
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Table 8.1. Modified Courtenay-M ills assay for established human tumour cell lines

Cell line A ssay
no .

N o . 
cells 

plated A

CFE A 
(SEM )

N o . 
cells 

plated B

CFE B 
(SEM)

mean
CFE

SF2 a  
(SEM )

S F zB
(SEM )

mean

SF2
fSEM)

SF2 l q

fit

HeLa 1 400 3.31

(1.30)
200 2.13

(1.29)
2.81

(0.84)
0.36

(0.95)
too few 0.36

(0.95)
-

HeLa 3 400 infected 200 infected - - - - -

HeLa 10 5960 20.8
(2.01)

1000 37.6

(5.70)
29.2

(4.23)
0.36

(0.10)

0.54

(0.16)

0.45

(0.09)
0.40

HeLa 29 400 55.5

(2.30)
200 54.1

(2.98)
54.8

(1.83)
0.31

(0.06)

0.37

(0.08)

0.34

(0H9)
-

HeLa 31 80 51.3

(4.30)
40 32.3

(4.22)
41.8

(3.80)
0.34

(0H8)
0.49

(0H3)
0.42

(0.11)

-

HeLa 39 400 65.8
CL85)

not done - 65.8
(2.85)

0.50

(0.09)
- 0.50

(0.09)
-

HeLa 40 200 39/7
(1.84)

100 53.5
(5.02)

46.95
(3.14)

0.42

(0.12)
0.45

(0.17)

0.44

(0.24)
0.29

HeLa 42 200 33.1

(3.05)
not done - 33.1

(3.05)
0.68

(0.22)
- 0.68

(0.22)
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Table 8.1. continued. Modified Courtenay-Mills assay for established human tumour cell lines

Cell line A ssay
n o .

N o . 
cells 

plated A

CFE A 
(SEM )

N o . 
cells 

plated B

CFE B 
(SEM)

mean
CFE

SF2 A SF2 b mean

SF2
SF2 l q

fit

HeLa 53 80 90.00
(5.83)

not done - 90.0
(5.83)

0.42
(0.09)

- 0.42
(0.09)

-

HeLa 91 200 43
(5.11)

100 37.3
(5.85)

40.1
(3.76)

(123
(0.30)

0.54
0108)

0.39
(0.16)

0.35

HX147 11 16000 10.60
(1.10)

1600 46.3
(2.88)

28/1
(6.89)

0.70
(0.14)

0.63
(0.10)

0.67
(0.09)

0.65

EJ30 14 5000 0.64
(0.08)

1000 2.86
(033)

1.75
(0.33)

0.40
(0H7)

0.66
(0.18)

0.53
(0.12)

-

SW48 27 200 56u9
(3.19)

not done - 56.9
(3.19)

0.20
(OTH)

- 0.20
(0.07)

0.16

SW48 92 200 50.1
01.65)

100 51
(8.32

50.6
(4.41)

0.30
(0.15)

0.31
(0.25)

0.30
0115)

0.26

HT29 26 200 65.1
(1.85)

not done - 65.1
(1.85)

0.76
(0.06)

- 0.76
(0.06)

0.72

K)
00



Table 8.2. Modified Courtenay-Mills assay with human tumour biopsy specimens
Tumour

type
Wt
in
g

Viable
ce ll/e
(x lO *)

CY
n o .

H isto logy No. cells 
plated A 
( x l0 4 )

No. cols 
OA 

(SEM )

No. cols 
2GyA  
(SEM)

CFE A 
(SEM )

No. cells 
plated B 
(x l0 4 )

No. cols OB 
(SEM )

No. cols 
2G yB  
(SEM )

CFE B 
(SEM )

mean CFE 
(SEM )

SF2
A

SF2
B

mean
SF2

Cervix* - - 1 mod-diff s e e 5.00 Ù 2.50 Ô
Tongue* Ü.1Ü 5.40 4 mod-diff s e e 1.80 9.80(1.03) 2.00(0.65) 0.06(0.006) not done

Lung* 0.■̂ 0 1.10 5 well-diff adenoca 2.00 10.5(1.15) 3.5(0.63) 0.05(().006) 1.00 5.75(0.59) 2(0.27) O.06(0.006) 0.06(0.004) 0.33(0.21) 0.35(0.17) 0.34(0.14)
Melanoma Ü.Ü3 Ô.70 8 melanoma 0.10 0 0.05 0

Meningioma u.4:4 1.70 12 meningioma 2.26 17.9(1.62) 10.1(0.7(1) O.OS(O.OI) 0.56 23(2.58) 10(1.12) 0.41(0.05) 0.25(0.05) 0.56(0.12) 0.43(0.16) 0.50(0.10)
Cervix 0.13 3.00 13 see 2.00 3(1.21) 0.63(0.42) 0.02(0.006) 1.00 2.13(0.74) 0 0.08(0.03) 0.05(0.02)

Cervix* 0/14 i.5 0 l6 mod-diff see 1.50 0.88 Ù 0.75 3.13 ()
Melanoma* 0.22 4.80 18 melanoma node 2.13 23.8(2.07) 10.0(2.15) 0.12(0.01) 1.07 14.1(2.05) 6.13(0.92) 0.13(0.02) 0.12(0.01) 0.42(0.23) 0.43(0.21) 0.43(0.16)

Cervix Ü.17 4.70 i9 mod-diff see 1.67 0 0 0.83 0 Ô
SCCskin* 0.07 1.40 21 well-diff sec 0.50 12.8(4.99) 4.75(4.09) 0.26(0.10) 0.25 9.25(4.80) 0.25(0.25) 0.37(0.19) 0.31(0.10) 0.37(0.95) 0.37(0.95)
SCCnode 0.11 1.00 22 well-dlffSCC 1.10 Infected 0.55
SCCnode/

enz
23 well-diff sec 1.90 Infected 0.95

Melanoma 0.23 32.00 24 melanoma node 5.00 16.4(1.96) 6.88(1.03) 0.03(0.004) 2.50 7.13(0.88) 4.75(1.32) 0.03(0.004) 0.03(0.003) 0.42(0.19) 0.67(0.30) 0.55(0.30)
Cervix 0.39 3.80 25 poorly-diff SCC 3.00 Infected 1.50
Cervix* 0.77 2.40 28 mullerian tumour 3.70 97.4(7.52) 27.4(4.20) 0.26(0.02) 1.85 66.1(3.55) 9.13(0.79) 0.36(0.02) 0.31(0.02) 0.28(0.17) 0.14(0.10) 0.21(0.10)
Cervix 0.20 1.03 30 mod-diff SCC 0.50 4.88(0.90) 0 0.10(0.02) 0.25 3.63(3.28) 0 0.14(0.09) 0.12(0.02)

Cervix* 0.26 0.55 32 mod-diff SCC 3.35 0 0 1.67 0 0
Melan/enzt 33 melanoma node 5.00 385(42.9) 250(57.04) 0.77(0.09) 2.50 123(15.5) 55.6(10.8) 0.49(0.06) 0.63(0.06) 0.65(0.42) 0.45(0.23) 0.55(0.48)

Cervix* 2.23 0.55 34 oat cell 2.24 0 0 1.12 0 0
Cervix 0.49 4.20 35 mod-diff SCC 5.00 1.25 0 2.50 0 0
Cervix 0.21 3.90 36 adenosqua 5.00 0.75 0 2.50 0 Ô

Melanoma* 0.76 8.32 38 melanoma 5.00 0 0 2.50 0 0
Cervix 0.69 2.40 41 mod-diff adenoca 2.90 0 0 1.45 0 0

Cervix* 0.36 44 poorly-diff SCC 0.80 0 0 Ù.40
Cervix 0.33 6 9 8 45 See 5.80 0 0 2.90 0 0
Cervix 0.29 5.90 46 poorly-diff SCC 3.50 0 0 1.75 0 0
Colon 0.61 6.90 47 mod-diff adenoca 5.00 0 0 2.50 0 0
Lung 1.69 1.80 48 mod-diff SCC 5.00 Infected 2.50
Lung 0.47 4.83 49 mod-diff SCC 4.70 0 0 2.35 0 0
Lung 0.82 10.00 50 well-diff adenoca 5.00 31.9(10.0) 14.8(6.69) 0.06(0.02) 2.50 23(6.10) 2.75(0.45) 0.09(0.02) 0.08(0.02) 0.46(0.55) 0.12(0.31) 0.29(0.32)
Lung 1.54 3.30 52 mod-diff SCC 20.00 238(23.5) 155(15.05) 0.12(0.14) 10.00 187(30.5) 145(22.0) 0.19(0.03) 0.16(0.02) 0.65(0.14) 0.78(0.23) 0.72(0.27)
Breast 0.57 1.60 54 invasive ductal ca 4.70 0 0 not done

Melanoma 0.21 24.5 55 melanoma 10.00 11.3(2.43) 8.88(2.59) 0.01(0.002) 5.00 1.5(0.67) 0 0.01(0.002) 0.79(0.36) 0.79(0.36)
Lung* 2.20 0.45 56 mod-diff adenoca 6.00 15.5(3.23) 3.5(1.66) 0.03(0.006) not done 0.03(0.01) 0.32(0.21) 0.22(0.21)

Sarcoma 0.17 7.56 57 leiomyosarcoma 5.60 0 0 not done
Lung 2.26 5.54 58 mod-diff SCC 5.00 11.8(4.94) 11.5(7.21) 0.02(0.01) 2.50 4.75(1.69) 0.63(0.26) 0.02(0.07) 0.02(0.01) 0.98(0.75) 0.13(0.55) 0.56(0.47)
Lung 3.12 1.33 61 poorly-diff SCC 5.00 143(17.0) 64.8(10.5) 0.28(0.03) 2.50 146(10.5) 71.0(14.2) 0.59(0.04) 0.44(0.05) 0.45(0.04) 0.48(0.05) 0.47(0.03)

Cervix 0.49 17.6 62 mod-diff adenoca 5.00 21.6(7.66) 3.88(3.18) 0.04(0.02) 2.50 27.8(12.1) 0 0.11(0.05) 0.08(0.03) 0.18(0.89) 0.18(0.89)
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Table 8.2. continued. Modified Courtenay-Mills assay with human tumour biopsy specimens

T um our
type

W t
in
g

V iable
cell/g

(xlOO)

C y
n o .

H isto lo g y No. cells 
plated A 
(x l0 4 )

No. cols 
OA 

(SEM )

No. cols 
2G yA  
(SEM )

CFE A 
(SEM )

No. cells 
plated B 
(x l0 4 )

No. cols OB 
(SEM )

No. cols 
2G yB  
(SEM )

CFE B 
(SEM )

m ean CFE 
(SEM )

S F 2
A

S F 2
B

m ean
S F 2

Lung* Ü.83 2.00 64 poorly-diff SCC 3.34 18.8(18.1) 0.50(0.50) 0.06(0.06) 1 .6T 4.50(4.50)
. . . .  .g.

0.03(0.03) 0.04(0.03)
Lung 1.69 2.29 65 carcinoid 7.29 3.13(1.90) 1.71(0.78) 0.003(0.002) 3.65 0.13(0.13) 0 0.03(0.03 0.04(0.03)
Lung U.64 O Ô 66 mod-diff SCC 5.ÙÙ 1(0.27) 0.63(0.26) ().Ô()2(0.ÔÔ1) 2.50 0.88(0.35) 0.13(0.13) 0.004(0.001) 0.003(0.001)
Lung 1.Ü8 1.26 69 mod-diff SCC 5.00 35.3(10.8) 9.25(5.09) 0.07(0.02) 2.50 11.5(8.19) 0.75(0.48) 0.04(0.03) 0.06(0.02) 0.26(0.63) 0.06(0.92) 0.16(0.56)

Melanoma 0.8Ü èJO 70 melanoma 5.ÔÔ 0 0 2.50 0 Ô
Lung 1.23 35.80 72 metastatic

melanoma
5.00 102(9.88) 23.6(4.09) 0.21(0.02) 2.50 28.8(3.23) 10.8(3.52) 0.12(0.01) 0.16(0.02) 0.23(0.20) 0.37(0.35) 0.30(0.40)

Lung 2.33 4.98 74 bronchioalveolar 5.00 129(12.2) 50.0(3.07) 0.26(0.03) 2.50 65.9(6.84) 24.1(2.22) 0.07(0.01) (). 16(0.03) 0.38(0.11) 0.37(0.14) 0.38(0.09)
lung U.42 6.70 75 mod-diff SCC 5.00 3.50(2.84) 3.50(3.50) 0.01(0.006) 2.50 10.0(10.0) 0.25(0.25) 0.04(0.04) 0.02(0.02)

Lung* 1.72 0.81 77 mod-diff SCC 4.00 76.8(9.84) 52.8(10.8) 0.19(0.03) 2.00 59.8(20.58) 24(5.99) 0.30(0.10) 0.25(0.05) 0.69(0.24) 0.40(0.43) 0.55(0.25)
Lung 1.56 11.00 78 mod-diff SCC 5.00 51.9(9.22) 44.6(8.67) 0.10(0.02) 2.50 24.0(9.43) 16.4(5.99) 0.10(0.04) 0.10(0.02) 0.86(0.26) 0.68(0.54) 0.77(0.30)
Lung 2.69 1.60 79 poorly-diff SCC 5.00 113(10.7) 45.6(6.84) 0.23(0.02) 2.50 77.9(13.22) 16.6(2.21) 0.31(0.05) 0.27(0.03) 0.41(0.18) 0.21(0.75) 0.31(0.39)
Lung U.21 3.57 80 wel 1/mod-diff 

SCC
3.80 56.5(6.50) 23.0(7.59) 0.15(0.02) 1.90 68.8(17.19) 9.75(2.66) 0.36(0.09) 0.25(0.06) 0.41(0.35) 0.14(0.37) 0.28(0.25)

Lung 3.U4 1.86 81 poorly-diff
adenoca

5.00 11.3(1.20) 10.1(5.95) 0.02(0.002) 2.50 14.5(5.62) 1.63(0.60) 0.06(0.02) 0.04(0.01) 0.90(0.06) 0.11(0.53) 0.51(0.32)

Lung 2.68 7.10 82 well-diff SCC 5.00 1.25(0.31) 0 2.50 0.5(0.27)
Lung 1.33 2.43 83 mod-diff adenoca 5.40 46.1(5.37) 30.8(7.08) 0.09(0.01) 2.70 53.5(24.1) 4.13(0.52) 0.20(0.09) 0.14(0.05) 0.67(0.26) 0.08(0.46) 0.38(0.53)
Lung I.IU 3.89 84 poorly-diff

adenoca
5.00 105(13.2) 95.1(19.8) 0.21(0.03) 2.50 74.4(7.70) 33.8(2.07) 0.30(0.03) 0.25(0.02) 0.90(0.06) 0.45(0.12) 0.68(0.13)

Lung 4.U2 0.09 85 poorly-diff SCC 5.00 81.6(6.20) 33.3(2.10) 0.16(0.01) 2.50 47.6(4.28) 24.1(2.46) 0.19(0.02) 0.18(0.01) 0.41(0.10) 0.51(0.14) 0.46(0.17)
Lung 1.47 3.23 86 mod-diff adenoca 5.00 73.3(7.05) 30.8(5.04) 0.15(0.01) 2.50 111(13.7) 56.4(9.12) 0.45(0.06) 0.30(0.05) 0.42(0.19) 0.51(0.20) 0.47(0.14)
Lung 1.43 8.37 87 poorly-diff

adenoca
5.00 216(7.00) 123(6.40) 0.43(0.02) 2.50 154(7.12) 72.8(3.92) 0.62(0.03) 0.53(0.03) 0.57(0.19) 0.47(0.07) 0.52(0.10)

Lung 1.9U 2.29 88 poorly-diff SCC 5.00 77.6(5.79) 38.4(6.31) 0.15(0.01) 2.50 43.8(4.20) 15.6(2.17) 0.18(0.02) 0.17(0.01) 0.49(0.18) 0.36(0.17) 0.43(0.12)
Lung 1.12 4.05 89 mod-diff SCC 5.00 151(20.7) 69.9(20.3) 0.30(0.04) 2.50 118(14.8) 57.3(8.44) 0.47(0.06) 0.39(0.04) 0.46(0.32) 0.48(0.19) 0.47(0.19)
Lung 1.25 7.99 94 mod-diff SCC 5.00 143(12.3) 92.7(9.77) 0.29(0.03) 2.50 86.3(11.5) 49.8(8.75) 0.35(0.05) 0.32(0.03) 0.65(0.14) 0.58(0.22) 0.62(0.13)

o

A bbrev ia tions
enz; enzyme digest
* - frozen sample
cols - colonies
OA - control, cell density A
OB - control, cell density B
2Gy A - 2Gy, cell density A
2Gy B - 2Gy, cell density B
t  - enzyme digest from same tumour sample as CY no. 24



Table 8.3. Modified Courtenay-M ills assay for 1st passage human tumour cell lines

Tum our
type

CY
n o .

N o . 
cells 

plated A 
(x l0 4 )

N o . 
cols 
0 A

(SEM)

No. cols 
2Gy A

(SEM)

CFE A

(SEM)

No. cells 
plated B 
(x l0 4 )

No. of 
cols OB

(SEM)

No. of 
cols 

2GyB

(SEM)

CFE B

(SEM)

mean
CFE

(SEM)

SF2
A

(SEM)

SF2
B

(SEM)

mean
SF2

(SEM)

Po
CFE

Po

SF2

Breast? 1 76 4.74 0 0 :237 0 0 not

done

Cervix? 1 51 5.0 14.3

(2.21)
17.3

(262)
0.03

(0.004)
2.50 34.5

(5.75)
19.4

(5.44)
0.14

(0.02)
0.08

(0.02)
1.21

0120)
0.54

(0.33)
0.89

0119)
no

growth

-

LungPl 60 4.7 517

(5.51)
348

(2L3)
1.1

(0.01)
:235 429

(27.2)
222

(30.3)
2.09

(0.14)
1.66

(0.21)
0.67

(0.06)
0.52

0)15)

0.60

(0.08)
0.16 0.73

Cervix? 1 68 5.0 298
(32.8)

160

(18.2)
0.60

(oxni
2.5 248

(20.0)
107

(15.7)
0.99

(0.08)
0.80

(0.07)

0.54

(0.16)

0.43

(0.17)
0.49

0112)
0.08 0.14

Cervix? 1 37 3.2 69.8
(13.7)

47.5

(1919

0.22
(OTK)

1.60 45.8

(9J19
37

(8.44)
0.23

(0.09)
0.23

(0.05)
0.68

(0.44)

0.81

0131)

0.75

(0.27)
no*

growth

-

Cervix? 1 59 5.0 347

(64.2)
168

(18.6)
0.69

(0.13)
- - - - 0.69

(0.13

0.48

(0.21)
0.48

(0.21)
no

growth

-

PI - 1st passage cells

? o  - assay on primary tumour cell line



Figure 8.1. ATCCS assay No. A4. Meningioma.
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Figure 8.2. ATCCS assay No. A5. Cervix carcinoma.
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Figure 8.3. ATCCS assay No. A17. Cervix carcinoma.
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Figure 8.4. ATCCS assay No. A19. Cervix carcinoma.
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Figure 8.5. ATCCS assay No. A30. SCC node. 
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Figure 8.6. ATCCS assay No. A98. Lung carcinoma.
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Figure 8.7. ATCCS assay No. A100. Breast carcinoma.
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Figure 8.8. ATCCS assay No. A102. Lung carcinoma.
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Figure 8.9. ATCCS assay No. A l l l .  Lung carcinoma.

A.

3000

~ 2000

Q.

0
0 1000 2000 3000 4000

□  0 Gy
O 0.75 Gy
A  1 Gy
V  1.5 Gy
O 2 Gy
■  2.5 Gy
•  3 Gy
A 4 Gy
T  5 Gy

 0 Gy C e lls<=2000
 0.75 Gy C e lls<=4000
  1 Gy C e lls<=4000
  1.5 Gy C e lls<=2000
  2 Gy C e lls<=4000
  2.5 Gy C e lls<=4000
 3 Gy C e lls<=4000
 4 Gy Cells<=4000

Cells plated per well

B .

10°

1

5.00.0 1.0 2.0 3.0 4.0

dose (Gy)

250



Figure 8.10. ATCCS assay No. A113. Lung carcinoma.
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Figure 8.11, ATCCS assay No. AIM. Cervix carcinoma.
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Figure 8.12. ATCCS assay No. A126. Lung carcinoma.
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Figure 8.13. ATCCS assay No. A130. Melanoma.
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Figure 8.14. ATCCS assay No. A131. Lung carcinoma.
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Figure 8.15. ATCCS assay No. A133. Lung carcinom a. 
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Figure 8.16. ATCCS assay No. A136. Lung carcinoma. 
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Figure 8.17. ATCCS assay No. A140. Lung carcinoma.
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Figure 8.18. ATCCS assay No. A141. Lung carcinoma.
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Figure 8.19. ATCCS assay No. A142. Lung carcinoma.
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Figure 8.20. ATCCS assay No. A143. Lung carcinoma.
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Figure 8.21. ATCCS assay No. A144. Lung carcinoma.
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Figure 8.22. ATCCS assay No. A145. Lung carcinoma.
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Figure 8.23. ATCCS assay No. A146. Lung carcinoma.
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Figure 8.24. ATCCS assay No. A149. Lung carcinoma.
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Figure 8.25. ATCCS assay No. A150. Lung carcinoma.
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Figure 8.26. ATCCS assay No. A151. Lung carcinoma.
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Figure 8.27. ATCCS assay No. A153. Lung carcinoma.
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Figure 8.28. ATCCS assay No. A160. Lung carcinoma.
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Several prognostic factors are used routinely to try to 
predict the response of tumours to cancer therapy. 
Currently, the most important of these are the 
tumour stage and histological diagnosis but there is 
no method for predicting accurately the response for 
an individual patient. Recent evidence from com
bined laboratory and clinical research, however, 
suggests that a number of specific biological para
meters are important in determining the response of 
tumours and normal tissues to radiotherapy. These 
include the tumour cell proliferation rate, hypoxic 
cell fraction and intrinsic cellular radiosensitivity. 
Are these ‘predictive assays’ likely to come into 
routine clinical use?

The first demonstration that intrinsic cellular 
radiosensitivity is important was made by Fertil and 
Malaise in 1981 [1], who found a correlation between 
the in vitro cellular radiosensitivity of established 
tumour cell lines and the clinical responsiveness of 
tumours. Since that time a large volume of research 
has been carried out to try to confirm this finding in 
fresh human tumours and to find quick, reliable tests 
for routine use in patients. Two clinical trials have 
now found a significant correlation between the 
intrinsic cellular radiosensitivity of primary cultures 
of tumour cells from patients and the local tumour 
control following radiotherapy. West et al. [2] used 
the Courtenay-Mills soft agar clonogenic cell survi
val assay for cervix tumours and found a significant 
correlation between the surviving fraction of cells 
after a single 2 Gy dose of X-rays (SF2) and both 
local tumour control and patient survival. Further
more, in this study, SF2 was more important than 
tumour stage as a prognostic indicator. Brock et al. 
[3] used a short term growth assay in a series of 
patients with head and neck tumours treated with 
postoperative radiotherapy. To date, in this series, 
no significant correlation has been found between 
cellular radiosensitivity and treatment outcome but 
this may be due to surgery being a confounding 
variable. More recently, Girinsky et al. [4] have used 
the same technique in head and neck and cervix 
tumours and found a significant correlation between 
the initial slope of the cell survival curve (a) and local 
tumour control. There was, however, no significant
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correlation between the surviving fraction at 2 Gy 
(SF2) and local tumour control, although a trend was 
observed. These results are encouraging for intrinsic 
radiosensitivity as a prognostic indicator but the 
methods used in these studies are not suitable for 
routine clinical use owing to the difficulties of cultur
ing primary human tumour cells. Several more direct 
methods for measuring DNA damage are under 
investigation, including pulse field gel electro
phoresis, the micronucleus assay, the G2 chromatid 
assay and the comet assay [5,6]. To date, these 
techniques have been used mainly in established 
tumour cell lines and further work is needed in fresh 
human tumours. Further understanding of the basic 
mechanisms involved in cellular radiosensitivity, for 
example, genes involved in the repair of radiation 
damage, may yield other useful approaches.

In the case of normal tissues, several small studies 
have shown increased fibroblast radiosensitivity in 
patients showing extreme sensitivity to irradiation 
[7]. Larger trials are now in progress looking at the in 
vitro radiosensitivity of fibroblasts, kératinocytes and 
lymphocytes, and normal tissue reactions in radio
therapy patients [8]. The relationship between the 
radiosensitivity measurements of different normal 
cell types and tumour cells from the same patient is 
not yet know. Modifications to the treatment total 
dose on the basis of cellular radiosensitivity are likely 
to be possible only if both the tumour and normal 
tissue radiosensitivity are known. The idea of 
increasing the total dose in patients with radio
resistant normal cells must, however, be viewed with 
extreme caution as the tolerance of late reacting 
tissues is modified by a number of other factors, for 
example, vascular disease for spinal cord or concur
rent bowel disorders for bowel reactions, which may 
be difficult to quantify.

Cell kinetic parameters have now been measured 
in a large number of human tumours using BUDR or 
lUDR labelling and flow cytometry. Surprisingly 
rapid tumour cell proliferation rates have been found 
with potential doubling time measurements (Tpot) 
ranging from around 1.8 to 19.4 days (median 3.9 
days) [9]. This finding supports the rationale of using 
short overall treatment times (‘accelerated’ regi
mens) to overcome the increase in tumour cell 
proliferation which might occur during longer, 
conventional radiotherapy schedules. A number of 
clinical trials are now in progress where tumour cell
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kinetic data is being collected. In the EORTC co
operative trial 22851, rapidly proliferating tumours 
had worse local control in the conventional schedule 
(7.5 weeks) but there was no effect of tumour cell 
proliferation rate in the accelerated schedule 
(5 weeks) [10]. Similar findings have been reported 
from the Phase I trial of continuous hyperfractio
nated accelerated radiotherapy (CHART) where 
there was no effect of tumour cell proliferation rate in 
the accelerated treatment schedule (2 weeks) [9]. 
Further results from these trials are awaited.

Tumour hypoxia was first demonstrated by Thom- 
linson and Gray in 1955 [11] but disappointing results 
with hyperbaric oxygen and radiosensitizers made 
hypoxia a rather unfashionable topic in the late 
1980s. More recent results from the Danish Head and 
Neck Cancer Study nimorazole trial, and promising 
laboratory results with carbogen and nicotinamide 
have put hypoxia back onto the list of potentially 
useful prognostic parameters [12,13].

Methods currently under investigation for measur
ing hypoxia include oxygen electrodes, metabolically 
activated chemical markers, tumour vascularity, 
nuclear magnetic resonance spectroscopy, electron 
paramagnetic resonance, luminescence quenching 
methods and intrinsic markers [14]. As with all 
tumour parameters, it is essential that the question of 
intratumour heterogeneity is addressed, and a 
distinction needs to be drawn between acute and 
chronic hypoxia.

For each of these parameters in human tumours a 
considerable range of values has been found. Ideally 
all should be measured simultaneously to try to 
decide on the optimum treatment schedule for 
individual patients. With the possibility of using 
accelerated regimens, hypoxic sensitizers and com
bining treatment with surgery or chemotherapy, this 
approach should yield benefits of improved local 
tumour control and patient survival. The results, so 
far, indicate that ‘predictive assays’ are an important 
research area which must be pursued and are likely to 
influence our clinical practice in the future.
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Radiosensitivity Testing of Normal Tissues: a Way 
to Optimise Radiotherapy?

P. Lambin and P. Lawton

In  t h is  issue, Floyd and Cassoni (pp. 615-620) assessed the 
reliability of a lymphocyte micronucleus assay to determine 
the radiosensitivity of individual patients. Levels of radiation- 
induced micronuclei were measured following exposures of up 
to 4 Gy X-rays. The variation between individuals was greater 
than between repeat experim ents on the same individual and, in 
accordance with the literature, they found that cord blood 
lymphocytes were generally m ore radiosensitive than normal 
lymphocytes. The authors conclude that the lymphocyte 
micronucleus assay could have some predictive capacity for the 
determ ination of individual radiosensitivity. Unfortunately, it is 
difficult to be certain as to w hether or not the conclusions of 
Floyd and Cassoni are generally valid. Lymphocytes are a 
heterogeneous cell population, especially w ith regard to the 
proportion of lymphocytes subtypes. Furtherm ore, they die

Correspondence to P. Lam bin  at University H ospital St Rafael, D epart
ment of R adiotherapy, L euven, Belgium.
P. Lawton is at the Gray L aboratory , M ount Vernon H ospital, N orth- 
wood, M iddlesex, U .K .
Received 23 Nov. 1993; accepted 9 Dec. 1993.

after irradiation both by reproductive death and by apoptosis, in 
contrast to the majority of cell types which die mainly by a 
reproductive death. Despite these lim itations, this is an 
im portant study. We urgently need a reliable assay for predicting 
the radiosensitivity of normal tissues before radiotherapy is 
commenced. In order to achieve this, it is essential to understand 
the relationship between the in vitro radiosensitivity of different 
cell types and the clinical response to radiotherapy.

A subpopulation o f radiosensitive patients
There is evidence to suggest that both tum ours and norm al 

tissues show interindividual differences in intrinsic radiosensi
tivity. In 1975, Taylor and colleagues noted a correlation 
between the cellular radiosensitivity of skin fibroblasts and 
severe reactions to radiotherapy in an individual with the genetic 
disorder ataxia teleangiectasia (AT) [1], There have now been a 
num ber of published retrospective studies of individuals show
ing severe reactions to radiotherapy where cultured  fibroblasts 
have shown excessive in vitro radiosensitivity [2—4].

AT is a rare genetic disorder but it has been estim ated that 
about 1% of the population are carriers for the A T gene. These
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individuals may be more sensitive to radiation and are more 
likely to develop cancer than the norm al population [5]. It has 
been suggested that as many as 18% of all patients with breast 
cancer may carry the AT gene [6], so that there may be selection 
for this gene in the irradiated population.

Optimisation o f radiation therapy 
The possible benefit of a change in treatm ent strategy must 

always consider simultaneously the effects on tum our response 
and on normal tissue damage, i.e. the therapeutic index. Toler
ance doses of radiation are currently set on the basis of injury 
occurring in a determ ined m inority o f the patient population. 
The 5% or so of patients who suffer major radiation injuries 
essentially limit the dose that is delivered to all the irradiated 
patients. It has been calculated that removing the 5,10 or 15% of 
the most radiosensitive patients from the treated group would 
allow higher radiation doses to be given to the rem ainder without 
increasing overall compUcation rates [7]. This study suggests 
that tum our control rates could be considerably im proved even 
if genetically determined variations in  radiosensitivity were 
expressed to the same extent in both norm al tissue and tum our 
cells. T he radiosensitive patients will not necessarily be denied 
radiation therapy. R ather, they would probably receive therapy 
but with some reduction in dose per fraction and total dose that 
corresponds to the increase in radiosensitivity found for their 
normal cells. It m ight then be possible to treat the remaining 
patients to a higher dose level.

Which assay should be used}
Several small studies have suggested that in vitro fibroblast 

radiosensitivity, measured in a clonogenic assay, predicts for 
late normal tissue effects seen in patients [2, 4]. This technique, 
however, takes 6 -8  weeks to obtain a result. But compared to 
fibroblasts, lymphocyte assays offer the advantages that the 
method is rapid (results can be obtained within 1 week) and 
samples can be easily obtained from peripheral blood rather than 
from a skin biopsy. This makes the lymphocyte an attractive cell 
type for prospective radiosensitivity testing studies. But the 
relevance of lymphocyte radiosensitivity for the clinic is still 
controversial. Lymphocyte cultures have been used to confirm 
the radiosensitivity of AT compared to normal individuals [8]. 
DNA damage and repair in freshly draw n blood samples have 
been measured using nuclear-lysate sedim entation [9]. W ith this 
technique, the lymphocytes of a patient with T  cell lymphoma, 
who was unusually radiosensitive during radiotherapy, showed 
no restoration of sedimentation behaviour when irradiated in 
vitro [10]. In a comparison of lym phocyte repair in healthy 
donors versus cervix carcinoma patients presenting with bowel 
complications, Deeley and Moore [11] dem onstrated poor repair 
in 7 and 44%, respectively.

On the other hand, some authors [4, 12, 13] did not find a 
correlation between radiosensitivity of lymphocytes and fibro
blasts. Furtherm ore Geara and colleagues [4] did not find a 
significant correlation between lym phocyte radiosensitivity and 
either acute or late effects clinically evaluated in patients.

In conclusion, there is evidence that patients differ signifi
cantly in their radiosensitivity and, more specifically, tha t the 
fraction of sensitive patients could be higher in the cancer 
population. The removal of this radiosensitive subpopulation 
m ight allow clinicians to treat the rest more aggressively without 
any increase in complications and with an im provem ent in local 
tum our control. The data so far suggest that the in vttro 
radiosensitivity of fibroblasts does correlate w ith the late effect 
of radiation in clinical practice. An assay uÉing lymphocytes 
would have several practical advantages, but the clinical rel
evance of this model m ust still be evaluated prospectively in a 
population of irradiated patients.
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Abstract

Soft agar clonogenic assays are considered to be a standard method for measuring tum our cell radiosensitivity and it has been 
widely reported that fibroblast contam ination does not occur. We report here that human fibroblasts can proliferate to form col
onies in a modified form o f the C ourtenay-M ills soft agar clonogenic assay. It was observed that early passage skin fibroblasts 
could form colonies in soft agar, although the plating efficiencies were reduced compared with growth on plastic. It was 
demonstrated that normal lung could proliferate in agar with similar plating efficiencies to fresh tumours and that fibroblastic cells 
were present in these cultures. Characterisation o f primary lung tum our cultures also showed that fibroblastic cells were present 
which lacked epithelial features and which resembled closely the cells found in cultures o f normal lung. This is an im portant finding 
for workers using soft agar assays to culture human tum our cells and is of interest in understanding the processes o f normal growth 
control o f human fibroblasts.

Keywords: Fibroblasts; Soft agar clonogenic assay; Anchorage-independence

1. Introduction

Macpherson and Montagnier reported that normal 
fibroblasts are unable to proliferate in soft agar [9], This 
feature of fibroblast growth has been used regularly in 
‘transformation assays’ for studying the processes 
leading to oncogenesis and is exploited for the culture of 
tumour cells in soft agar by differentially inhibiting the 
growth of unwanted stromal fibroblasts. By contrast 
with normal fibroblasts, transformed fibroblasts in cul
ture are able to grow under anchorage-independent con
ditions in soft agar, to produce ‘transformed foci’ on 
tissue culture plastic and are able to form tumours in 
nude mice [8]. Spontaneous transformation of human fi
broblasts is thought to be a rare event but a number of 
physical and chemical agents are now known to induce 
anchorage-independence without induction of the other

* Corresponding author, The Marie Curie Research Wing for On
cology, Mount Vernon Hospital, Northwood, Middlesex, HA6 2RN, 
UK.

features of transformation [8,10]. This has also been 
reported with transfection of growth factor receptors or 
high levels of growth factors [15,23].

Soft agar clonogenic assays have been used during the 
past 15 years for measuring the in vitro radiosensitivity 
and chemosensitivity of tumour cells. To date, the most 
successful of these is the Courtenay-Mills soft agar 
clonogenic assay in which tumour cells are cultured in 
soft agar in the presence of rat red blood cells under low 
oxygen tension (5%) for 28 days [2]. This assay is now 
generally used in a modified form with the addition of 
growth factors to enhance the growth of tumour cells 
from fresh biopsies from patients [21]. Clonogenic 
assays for human tumour cells have been criticised for 
the low plating efficiencies obtained (mean - 0 .1%) and 
the limited success rates in establishing cultures (maxi
mum ~ 70%) but it is widely reported in the literature 
that fibroblast contamination does not occur [2,16]. 
Stephens et al. (1978) did observe macrophage colonies 
in soft agar from the mouse Lewis lung carcinoma but 
these colonies were diffuse and morphologically distinct

0167-8140/94/$07.00 © 1994 Elsevier Science Ireland Ltd. All rights reserved 
SSDI 0167-8140(94)01444-8
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from the tight tumour colonies [18]. Walls and Twen
tyman (1985) investigated the growth of normal human 
bone marrow in the Courtenay-Mills assay and 
observed both tightly packed and diffuse colonies but 
detailed cellular characterisation was not performed 
[20]. Successful cell culture of haemopoietic stem cells 
requires the presence of specific growth factors which 
are absent from the modified Courtenay-Mills assay 
[4,12]. It is, however, possible that some haemopoietic 
stem cells may be able to grow in this assay with a low 
plating efficiency. Other cell types present in bone mar
row which might proliferate in culture include stromal 
cells and endothelial cells. The present study has looked 
at the proliferation of normal skin fibroblasts in soft 
agar and the growth of fresh human tumour and normal 
lung samples in a modified form of the Courtenay-Mills 
soft agar clonogenic assay.

2. Materials and methods

2.1. Fresh tumour and normal tissue biopsies

Surgical samples of fresh tumour or skin were col
lected from theatre and taken to the pathology depart
ment at Mount Vernon Hospital and examined by a 
pathologist. Pieces of tumour or skin were then excised 
and placed in Eagles’ Minimum Essential medium sup
plemented with 10% fetal calf serum and 20 /ig/ml am
photericin, 20 pig/ml gentamicin and 15 mM HEPES and 
then either processed immediately or stored at 4°C for 
a maximum period of 12 h before the assays were per
formed, Ethics committee approval was obtained prior 
to commencing this work.

2.2. Fibroblast strains

Two new fibroblast strains. Gray Laboratory Human 
Fibroblasts 1 and 2 (GLHFl and GLHF2), were

established from fresh skin biopsies from a ‘normal’ 
volunteer and a surgical patient, respectively. Skin was 
minced to 1 mm  ̂pieces using crossed scalpels and plac
ed in high antibiotic medium containing 0.125% trypsin 
(ICN Flow) and 0.5% collagenase Type I (Sigma) for 4 
h with constant stirring at 37°C, after which time almost 
complete digestion had occurred. The suspension of skin 
cells was then filtered through a 30 pm  cloth, washed, 
centrifuged and resuspended in growth medium (Ham’s 
F12 medium (ICN Flow) with 10% fetal calf serum, 2 
ftg/ml amphotericin and 25 /ig/ml gentamicin). Cells 
were cultured in tissue culture plastic flasks with Ham’s 
F12 under 5% O2 and 5% CO2 MRC 5 fibroblasts were 
obtained from ICN Flow and cultured in an identical 
manner. For experiments and passaging, cells were 
detached using 0.05% trypsin with 0.02% EDTA and 
then resuspended in growth medium. Experiments with 
skin fibroblasts were carried out with cells of passage 
numbers 4, 9, and 6 in experiments 1, 2 and 5, respec
tively (Table 1).

2.3. Established epithelial cell lines

Three established epithelial cell lines were used as 
control samples for morphological appearance im- 
munohistochemistry and transmission electron micro
scopy. These were HeLa cells (ICN Flow), a breast ad
enocarcinoma cell line (supplied by HeLa Phar
maceuticals), and a lung adenocarcinoma cell line, A549 
(American Type Culture Collection).

2.4. Soft agar clonogenic assay

Fresh tumour biopsies were minced to 1 mm  ̂pieces 
and placed in high antibiotic medium containing 0.5 
mg/ml each of pronase (Sigma), collagenase type I 
(Sigma) and deoxyribonuclease (Sigma) for 1.5 h. The

Table 1
Colony formation of fibroblast strains in agar

Experiment no. Cell line Serum concentra
tion

No. cells plated 
per tube

Mean no. 
colonies (SEM)

Plating efficiency 
in agar (%)

Mean plating 
efficiency on bare 
plastic (%)

1 GLHFl 20% 4.4 X lO'’ 24.5 (3.7) 0.11 10.3
20% 2.2 X lO'̂ 33.3 (5.3)

2 GLHFl 20% 5.0 X 10" 246.3 (26.5) 0.49
3 MRC5 20% 4.8 X 10^ 86.0 (2.2) 0.18

20% 2.4 X 10^ 68.8 (8.8) 0.29 8.0
15% 4.8 X lO'» 49.8 (5.4) 0.10
15% 2.4 X lO'* 62.7 (3.8) 0.26

4 MRC5 20% 5.2 X 10^ 33.1 (4.5) 0.06
20% 2.6 X 10" ■ 31.8 (5.3) 0.12

5 GLHF2 20% 5.0 X lO'̂ 47.1 (8.9) 0.09 10.6
20% 2.5 X lO'* 40.7 (10.5) 0.16

Abbreviation: SEM, standard error of the mean.
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supernatant was collected on ice and the remaining 
fragments of tumour digested for a further 0.5 h with 
0.05% trypsin (Sigma). The digests of tumour cells were 
then filtered, washed and resuspended in growth medi
um supplemented with growth factors (10 ng/ml epider
mal growth factor, 10 /ig/ml insulin, 0.5 ^g/ml 
hydrocortisone and 2.5 /tg/ml transferrin, all supplied by 
Sigma). The final cell suspension was filtered using a 37 
nm screen and the viable cells counted using a vital stain 
(acridine orange (1.0 /ig/ml)/ethidium bromide (16 
fig/Tol) mix). The clonogenic assay was then carried out 
by seeding cells at two cell densities (usually 5 x 10̂  
cells/tube and 2.5 x 10^/tube) into test tubes with 0.4% 
Noble agar (diluted from stock 5% agar with growth 
factor supplemented medium) and August rat red blood 
cells (heat treated at 44°C for 1 h prior to use). Test 
tubes were then incubated in 5% O;, 5% CO2 and 90% 
Nj at 37°C.

Control tubes from experiments were removed from 
the incubator and fixed in 10% formal saline on Day 1 
to score any clumps of cells. The remaining tubes were 
fed weekly and incubated for 28 days. Counting of col
onies containing ^50 cells (taken as colonies ^60 fim 
diameter) was performed manually using a light micro
scope and colony size was measured using a scale and 
eye-piece graticule. In each experiment 4-8 replicates 
were set up at each cell density. Normal lung samples 
were processed in the same way as the tumour samples. 
Fibroblast experiments with the soft agar assay were 
also performed in an identical manner having obtained 
a single cell suspension after trypsinisation of cells.

2.5. Characterisation o f  cell cultures from tumour biopsies

Colonies from seven tumour cultures were character
ised using one or more of three diagnostic criteria — im- 
munohistochemical staining of individual colonies, the 
morphological appearance of cells cultured from col
onies which had been removed from agar and placed in 
plastic tissue culture flasks, and the appearance of cells 
with transmission electron microscopy. For each of 
these criteria, known tumour cell lines and fibroblasts 
were used as controls. Individual colonies were removed 
from agar using a 25G needle under light microscopy.

2.6, Immunohistochemical staining

For 3 tumours and the 2 normal lung samples, 5-10 
colonies were removed from agar and placed on glass 
slides for immunohistochemical staining. For 1 further 
tumour sample the colonies did not remain intact with 
this procedure and a single cytospin preparation was 
made. Indirect fluorescent immunohistochemistry was 
carried out using a cocktail of cytokeratin antibodies 
(CK 10,17,18: Dako-CK, MNF116) or an antibody to 
the j3-subunit of prolyl 4-hydroxylase which reacts with

fibroblasts (Dako 5B5). Dako CK, MNF116 labels the 
majority of benign and malignant epithelial cells but, as 
with other monoclonal antikeratin antibodies, it also 
reacts with some other cell types, including smooth mus
cle cells, dendritic cells in lymph nodes and syn- 
citiotrophoblast [11,14]. Dako 5B5 is thought to be 
relatively specific for fibroblasts but weak positive stain
ing is reported with plasma cells and acinar cells [5,7]. 
Dako 5B5 does not react with lymphocytes, monocytes, 
dendritic cells and granulocytes [7]. A fluorescein 
isothiocyanate labelled anti-IgG antibody was used as 
the secondary antibody. Positive and negative controls 
were used in all cases. The antibody dilutions were as 
follows: CK, MNF116 1:50; Dako 5B5 1:50.

2.7. Transmission electron microscopy

Individual colonies from tumour cultures were fixed 
in cacodylate-buffered 2.5% glutaraldehyde, treated 
with osmium tetroxide and en bloc uranyl acetate, 
dehydrated in ethanol and propylene oxide, and 
embedded in epoxy resin. Ultrathin sections were stain
ed in uranyl acetate and Reynolds’ lead citrate. Cells on 
plastic were also treated this way and sectioned at right 
angles to the plastic.

3. Results

3.1. Formation o f fibroblast colonies in soft agar

A total of 65 test tubes in 5 experiments were exam
ined for colony formation (Table 1 and Fig. 1). Colonies 
(^60 ^m diameter) were found in agar in all of the test 
tubes for the three fibroblast strains with an overall 
mean plating efficiency of 0.18%. This compares with a 
mean plating efficiency of 9.6% on bare plastic. The col
onies of fibroblasts in agar were all tight colonies, in
distinguishable in appearance from colonies of estab
lished tumour cell lines or from primary tumour sam
ples. In some test tubes fibroblast colonies were also 
found attached to the plastic walls but the agar plugs 
were removed carefully and only the colonies wholly 
within the agar were counted.

Prior to plating, the cell suspensions were examined 
under light microscopy to ensure that a single cell sus
pension was present. To check that clumps had not 
formed after this procedure, a total of 54 replicate tubes 
were fixed and stained on the first day to count any 
clumps of cells. Clumps measuring >60 diameter 
were found but the number of clumps was significantly 
less than the number of colonies in replicate tubes in
cubated for 28 days (the overall mean number of clumps 
was 7 compared with mean number of colonies of 56; t 
statistic -7.8065, p = 0.0001). The mean colony size was 
160 pm  (SD, 46.67).

In each experiment colonies were removed from agair
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Fig. 1. (A) Control breast carcinoma cell line staining positive for cytokeratin antibodies (CK, M N Fl 16). (B) Control breast carcinoma cell line 
staining negative for fibroblast antibody (Dako 585). (C) Control fibroblasts staining negative for cytokeratin antibodies (CK, M N Fl 16). (D) Con
trol fibroblasts staining positive for fibroblast antibody (Dako 585). (E) Colony in agar from non-small cell lung carcinoma staining positive for 
cytokeratin antibodies (CK, M N Fl 16). (F) Colony from same tumour sample as E, staining positive for fibroblast antibody (Dako 585). Bar in 
each photograph, 1(X) /xm.

and placed in plastic tissue culture flasks with growth 
medium. In all cases the colonies were seen to attach to 
the bare plastic and from these, viable cells grew out
wards from the colonies to subsequently form a con
fluent monolayer. These cells were morphologically  
identical to cells which had been continuously cultured 
as a monolayer in tissue culture flasks and not passaged  
in agar.

3.2. Formation o f  colonies in agar fro m  fresh  tum our 
biopsies

For 34 tumours successfully cultured in agar for 
radiosensitivity measurements, the mean plating effi
ciency was 0.19% (range, 0.01-0.52% ). Initially in this 
work, no routine characterisation procedures were per
formed but, follow ing the observation that normal fi
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broblasts could proliferate in agar, individual colonies 
were removed from agar for further characterisation. 
Detailed characterisation using one or more of three 
diagnostic criteria (morphological appearance, im
munohistochemical staining and transmission electron 
microscopy) was performed on 7 non-small-cell lung 
tumour samples on which radiosensitivity assays were 
performed.

3.3. Formation o f colonies in agar from normal lung 
biopsies

Two assays were set up from normal lung biopsies 
taken from normal peripheral lung tissue away from the 
site of the primary tumour. These normal lung biopsies 
contained no macroscopic tumour and adjacent normal 
lung contained no microscopic tumour. Colonies were 
formed in agar in both assays from normal lung with 
plating efficiencies of 0.30% and 0.33% and with plating 
efficiencies in the parallel tumour assays of 0.33% and 
0.39%, respectively. Colonies in agar from the normal 
lung were indistinguishable on the basis of gross mor
phology from colonies grown from the lung tumour 
biopsies. Detailed characterisation of colonies removed 
from agar was performed.

3.4. Morphological appearance o f  cells cultured in agar

Colonies from the 5/7 tumour samples and from the 
2 normal lung samples were transferred to tissue culture 
flasks containing growth medium (average 10 colonies 
per sample). Cells from colonies were observed to attach 
to the plastic and proliferate as a monolayer to form 
near confluent cultures within 3-7 days. In all 5 cultures 
from tumour samples the majority of the cells had a 
spindle-shaped appearance which resembled fibroblasts 
more closely than known epithelial cell lines. In each 
flask occasional cells were noted which did have a more 
epithelial appearance but these cells became overgrown

by the spindle-shaped cells. Cultures derived from nor
mal lung were indistinguishable in appearance from the 
lung tumour cultures.

3.5. Immunohistochemical staining

Immunohistochemical staining was performed on 4 
primary cultures from non-small cell lung cancers and 2 
cultures from normal lung (Fig. 1). Control epithelial 
cell lines grown as monolayers showed positive staining 
with CK, MNFl 16 and negative staining with Dako 
5B5. Conversely, known fibroblast strains showed posi
tive staining with Dako 5B5 and negative staining with 
CK, MNFl 16. These results are summarised in Table 2. 
Each of the lung tumour cultures and both normal lung 
cultures contained a proportion of colonies which stain
ed positive with CK, MNFl 16 and a slightly higher pro
portion which stained positive with 5B5. This finding 
could be due to the cultures containing some epithelial 
colonies and some colonies comprising fibroblastic cells. 
The proportion of colonies showing negative staining 
with either antibody, however, is slightly lower than 
would be expected. This may have occurred by chance 
because of sampling small numbers of colonies, but it 
might also be due to some degree of cross-reactivity be
tween the antibodies. One possible explanation for some 
degree of cross-reactivity is that the CK, MNFl 16 may 
have stained both epithelial cells and the
myofibroblastic cells which were seen with transmission 
electron microscopy, as described below.

3.6. Transmission electron microscopy

Transmission electron microscopy (TEM) was per
formed on 7 tumour assays and 2 normal lung assays, 
including the samples on which detailed im
munohistochemical staining had been performed (Fig. 
2). For each assay, only two or three colonies were 
examined but within each colony the number of celhs

Table 2
Results of immunohistochemical staining

Sample details Staining with CK, 
MNFl 16

Staining with 5B5 Morphology of cells on 
plastic

TEM findings

Lung tumour 1 2/6 colonies +ve 12/15 colonies +ve spindle-shaped necrotic
Lung tumour 2 1/50 cells +ve (cytospin) Inadequate sample — myofibroblastic
Lung tumour 3 7/11 colonies +ve 10/13 colonies +ve spindle-shaped myofibroblastic
Lung tumour 4 3/4 colonies +ve 8/8 colonies +ve spindle-shaped myofibroblastic
Normal lung 1 3/4 colonies +ve 6/7 colonies +ve spindle-shaped myofibroblastic
Normal lung 2 2/3 colonies +ve 4/6 colonies +ve spindle-shaped myofibroblastic
HeLa +ve -ve epithelial epithelial
A549 +ve -ve epithelial epithelial
Breast tumour cell line +ve -ve epithelial epithelial
Skin fibroblasts -ve +ve spindle-shaped fibroblastic
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Fig. 2. Transmission electron micrographs, (A) Skin-derived fibroblast cultured on plastic coverslip. Note conspicuous rough endoplasmic reticulum 
(arrowhead) and modest band of fine filaments (large curved arrow) with a focal density (small curved arrow). (B) Breast carcinoma cell line cultured 
on tissue culture plastic flask. Note well developed dense tonofibrils (t) and desmosome (d). (C) Normal lung tissue cell from a colony in soft agar, 
containing abundant rough endoplasmic reticulum (arrowhead) and exhibiting an extracellular fibril (f) suggesting fibronexus junction formation. 
(D) Lung carcinoma tissue cell from a colony in soft agar (same patient as C), also showing abundant rough endoplasmic reticulum (arrowhead) 
and extracellular fibrillar material (0 suggesting fibronexus junction formation. Bar = 1 /im in each photograph.

examined was between 20 and 100 (mean, 70). Epithelial 
features such as tonofibrils, desm osom es and lumina 
were absent from all cells in these colonies. By contrast, 
these cells often revealed features typical o f  fibroblasts 
or myofibroblasts: abundant rough endoplasm ic reticu
lum cisternae, and the peripheral sm ooth-m uscle type 
filaments and extracellular fibrils which together sug
gested fibronexus junction formation [17]. Two colonies

from each o f  two assays o f  normal lung were studied in 
which totals o f  50 and 120 cells were examined, respec
tively, and for the skin fibroblast culture on plastic, 20 
cells were examined. The cells in colonies from normal 
lung and skin fibroblasts were similar to the tum our co l
ony cells in looking fibroblastic or myofibroblastic, and 
non-epithelial.

O f the carcinoma cell lines A549, the breast car
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cinoma cell line and HeLa cells grown on plastic, 20,40 
and 20 cells were examined, respectively. All three cell 
lines revealed unambiguous evidence of epithelial differ
entiation, in particular numerous tonofibrils which in 
A549 and the breast carcinoma cell line were especially 
well-developed. Well-formed desmosomes were also pre
sent in A549 and the breast carcinoma cell line although 
they were absent from HeLa cells. Structures resembling 
fibronexus junctions were absent.

One explanation for the absence of epithelial features 
in the tumour assays is that they may have been lost dur
ing culture but this phenomenon was not observed in the 
established tumour cell lines which retained character
istic epithelial features under TEM. The absence of any 
colonies showing epithelial features is surprising if the 
cultures did in fact contain a mixture of fibroblastic and 
epithelial colonies but the number of colonies examined 
from each assay was small (2-3 colonies). Within each 
colony the cells all had a similar appearance which is 
consistent with a clonal origin from a single cell.

4. Discussion

This paper reports that normal human fibroblasts can 
proliferate in soft agar in an assay system which was 
originally developed to enhance the culture of tumour 
cells. Similar protocols are widely in use for measuring 
the radiosensitivity and chemosensitivity of tumour cells 
and recent results from West et al. (1993) suggest that 
this technique may yield clinically relevant information 
regarding local tumour control and patient survival 
following treatment with radiotherapy [22]. Detailed 
characterisation of all colonies grown in agar is difficult 
to perform and is not practical in a large clinical study. 
We believe that this is the first report in the literature 
that human fibroblasts can proliferate in this assay 
system.

It is now known that anchorage independence can be 
induced by a number of different mechanisms, including 
the production of growth factors that act in an autocrine 
manner, alterations in the number or structure of 
cellular receptors or a change in the post-receptor 
signalling pathways [1]. Growth factors which have 
been shown to influence the growth of rat fibroblasts in 
soft agar include platelet derived growth factor (PDGF), 
EGF, transforming growth factor jS (TGFjS) and fibro
blast growth factor (FGF) [15]. Serum concentration 
and cell density have also been shown to modify the 
growth of human fibroblasts [13]. Fresh human tumour 
biopsies contain host cefis in addition to the tumour 
cells and co-culture of normal and tumour cells may 
lead to either enhanced tumour or normal cell growth 
due to the production of diffusible growth factors [6,25]. 
In the case of lung tissue, high levels of TGF/3 have been 
found in the epithelial lining fluid of normal lung [24]. 
The specific culture conditions provided by the modified

Courtenay-Mills assay described here include plating at 
high cell density, high serum concentrations and the 
presence of additional growth factors. These may all be 
contributing to the loss of anchorage dependence 
observed in this study, in addition to the effect of co- 
culturing mixed cell types present in fresh tumour 
samples.

Accurate identification of tumour cells in culture, as 
distinct from non-neoplastic tumour cells, can be dif
ficult because the phenotypic characteristics of cells can 
change under in vitro conditions and there is no single 
marker for identifying all tumour cells. Valuable infor
mation can be obtained from the antigen expression of 
cells, morphology, ultrastructural features on electron 
microscopy, DNA analysis with flow cytometry and the 
ability of cells to form tumours in nude mice [3]. Where 
possible, several of these different methods should be 
used to try to identify tumour cells in culture, but for 
radiosensitivity assays on fresh tumour material this is 
difficult in practice because the number of ‘spare’ col
onies for analysis is small. For aneuploid tumours the 
demonstration by flow cytometry of aneuploid cells in 
culture is unequivocal evidence for the presence of 
tumour cells in culture but relatively large numbers of 
cells are needed and it does not characterise individual 
colonies. Interestingly, Tveit et al. (1985) used this meth
od and demonstrated that for 17 aneuploid tumours, all 
cultures contained aneuploid cells [19]. It was also 
noted, however, that in 5/17 of the aneuploid tumours, 
diploid cell populations were observed in the cultures in 
addition to the aneuploid cells. This may have been due 
to the emergence of a diploid tumour cell subpopulation 
but it can also be interpreted as evidence for a mixed 
population of tumour and normal cells in the culture.

In this study, the evidence that normal fibroblasts can 
proliferate in soft agar is unequivocal and these colonies 
were morphologically indistinguishable from tumour 
colonies. The plating efficiencies in soft agar were, how
ever, reduced compared with those in plastic. Normal 
lung samples also gave rise to colonies indicating that 
this assay method is not specific for culturing lung 
tumour cells. Morphological, immunohistochemical and 
electron microscopy findings suggest that some of these 
cells are fibroblastic in origin, rather than epithelial, 
with electron microscopy suggesting a degree of 
myofibroblastic differentiation. None of the cells exam
ined had any features to suggest that they were 
haemopoietic cells. Similar results were found with the 
tumour samples, again strongly suggesting that some of 
the colonies are fibroblastic rather than epithelial. Based 
on these findings we are now trying to characterise all 
cultures set up from fresh tumour samples.

There is, currently, considerable interest in comparing 
the biological characteristics of normal and tumour 
cells, with the aim of exploiting these differences for the 
treatment of cancer. Specifically, in the case of in vitro
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radiosensitivity, it is not yet known whether normal tis
sues and tumour cells from the same patient have the 
same radiosensitivity. This paper has reported the unex
pected finding that normal fibroblasts can proliferate in 
a soft agar assay system, and emphasises the importance 
of characterising the spectrum of cell types cultured in 
assays from clinical material. The loss of anchorage de
pendence under these growth conditions should also be 
seen as an interesting biological finding and recent re
search in basic cell biology has indicated some of the 
factors which may be contributing to this phenomenon.
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