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Predictive assays of tumor response to chemo and radiotherapy

Maja Cemazar

Department of Tumor Biology, Institute of Oncology, Ljubljana, Slovenia

Currently used predictive assays of treatment outcome of tumors treated by chemo- or radiotherapy and
radiation damage of normal tissues are presented. This review is focused on the assays where tumor cells
derived from the human tumors need to be cultured in in vitro conditions to perform the test. In addition,
an overview of the clinical studies dealing with the correlation between predictive assays and treatment out-
come or radiation damage to the normal tissues is given.
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Introduction

The best treatment for a particular patient is
based on a variety of factors predictive of the
outcome of the therapy. Inradiotherapy, these
factors include tumour- and host- related fac-
tors, technical aspects of treatment and
knowledge of the dose response relationship
for tumour control and normal tissue injury.
At present, the treatment plan is usually
based on parameters such as tumour site, his-
tology, stage, size, morphology, patterns of
invasion of anatomical structures, location
with regard to vulnerable normal tissues, and
patient’s performance status. Within these
categories, some tumours show greater
response to radiotherapy than others. If these
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were identified before treatment, alternative
therapies offering a better chance of cure
than the standard conventional therapy might
be selected. Therefore, there is a need for
additional (other, more specific) predictive
assays, which will provide the information
that can be useful in the selection of an opti-
mal treatment protocol for each patient.13

An ideal predictive assay should,

(a) correlate specifically with local tumour
control, independently of other prognostic
parameters,

(b) be measurable precisely,

(c) be relatively insensitive to sampling error,

(d) be measurable quickly with regard to the
initiation of treatment,

(e) have low probability of falsely predicting
resistance to conventional treatment,

(f) be relatively harmless.

The research in the field of predictive
assays started almost 30 years ago with the
investigation of the relationship between clin-
ical and tissue culture response to chemother-
apeutic agents of human cancer.* After this
first report, a lot of researchers started to
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work on the development of tests that would

predict the response of tumors to a particular

treatment. Current research in predictive

assays can be divided into three categories;

(a) Studies of intrinsic cellular radio- and
chemo- sensitivity;

(b) Detection and quantification of hypoxic
cells in human tumours;

(c) Tumour cell proliferation kinetics and
ploidy (repopulation).

Intrinsic radio- and chemo-sensitivity

The research in predicting the outcome of
treatment started with the development of
methods which enable to grow in vitro human
tumor cells.3 The described assays can be
used for predicting the treatment outcome
either after radiotherapy or after treatment
with chemotherapuetic drugs. The differ-
ences in responses of particular tumors to
treatment with drugs are usually larger than
to treatment with radiation. Therefore, the
use of predictive assays in chemotherapy
would be highly beneficial for a particular
patient. If the patients with a resistant dis-
ease could be identified before the initiation
of treatment, the toxicity of ineffective treat-
ment would be spared to them.

Intrinsic radio- and chemo-sensitivity can
be measured by survival, growth of cells,
DNA damage and chromosome damage after
treatment. Only colony forming assay which
measures out the cell kill after a particular
treatment, is a direct assay. All others tests,
which measure either growth, DNA or chro-
mosome damage, are indirect and measure
the parameters which should correlate with
cell kill.

Survival

The survival of cells is measured by colony
forming, i.e. clonogenic assay. This assay is
the gold standard for determination of treat-
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ment efficiency, since, with this test, the abil-
ity of tumor cells to proliferate is measured
directly. From the theoretical point of view,
the principle of this test is very simple. The
cells have to be removed from the tumors,
prepared as single cell suspension, placed
into appropriate growth environment, and
exposed to radiation or drugs. After certain
period of time, depending on the growth rate
of the tumor cells, the formed colonies are
fixed, stained and counted. By comparing the
number of colonies in the treated group with
the number in the control group, the surviv-
ing fraction can be calculated. As a predictor
of treatment outcome after radiotherapy, a
surviving fraction at 2 Gy is commonly used,
as this is a usual daily dose in clinical radio-
therapy.5

Growth

Since there are several practical problems
associated with clonogenic assay, such as that
not all human tumors can be grown in vitro
and long duration of this test, alternative tests
that measure the growth of the cells have
been developed. The growth of the cells can
be measured simply by counting the cells
after certain period of time by means of dye-
exclusion technique or by means of automat-
ed colorimetric assays. One of the examples
of these assays is methyl tetrazolium test
(MTT test), which estimates cell survival
based upon the capacity of living cells to
reduce a tetrazolium compound to a for-
mazan crystals, a colored product that can be
measured spectrophotometrically.67 The
principle of this test is very similar to that of
clonogenic assay. Cells are plated in
microtiter plates and subjected to treatment.
The difference between these tests is at the end
of growth period, which is usually shorter in
MTT assay than in the clonogenic assay. In the
case of MTT assay, a substrate, methyl tetra-
zolium compound, is added to the cells which
are further incubated for approx. 3-4 hours.
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The formed formazan crystals are then dis-
solved in dimethyl sulfoxid and absorbance
measured using microplate reader. The
results of these assays show very good corre-
lation with the clonogenic assay, therefore
these assays represent a promising alternative
to the clonogenic assay (Figure 1).67
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Figure 1. Survival curves for mouse fibrosarcoma cells
SA-1 using MTT and clonogenic assay as a function of
irradiation dose. Cells were irradiated in Petri dishes
using Darpac 230 kV irradiation machine at a dose rate 2
Gy/min. For MTT test cells were transfer to microtiter
plates and incubated for 7 days. After that period MTT
test was performed. In clonogenic assay, colonies were
fixed and stained 10 days after the irradiation (Cemazar
unpublished data).

DNA damage

Another method used to determine intrinsic
cellular sensitivity is based on measuring
DNA damage. To assess DNA damage several
test can be employed such as sucrose velocity
sedimentation, filter elution, alkaline gel elec-
trophoresis, membrane filtration, DNA pre-
cipitation, nucleoid sedimentation, alkaline
unwinding, Halo, end tailing, viscoelastic and
high performance liquid chromatography
(HPLC), pulsed-field gel electrophoresis and
single cell electrophoresis. The last two listed
tests are the most promising test to be
employed as a predictive one.813 However,

the predictive value of these two assays has to
be confirmed, since the results of several
studies are controversial, some showing very
strong correlation with the colony forming
assay, and others the lack of it.113 The
advantage of pulsed field gel electrophoresis
is high sensitivity and specificity for mea-
surement of DNA double strand breaks. The
principle of pulsed field gel electrophoresis is
as follows: the cells that have been taken from
human tumor and treated are either radiola-
belled before lysis and electrophoresis or
stained with ethidium bromide after the elec-
trophoresis. The advantage of pulsed field
electrophoresis over the conventional one is
that, by alternation of electric field the sepa-
ration of DNA fragments is improved. This
technique is therefore especially suitable for
separation of large DNA fragments up to
12Mbp. If the DNA molecule of a known mol-
ecular weight is used as calibration, the sepa-
ration of DNA from irradiated cells can be
subsequently translated into a measure of
strand breaks.%-13

Single cell electrophoresis (comet assay) is
also widely studied for potential use as a pre-
dictive assay. The advantage of this assay is
that we can monitor the response of a single
cell to treatment and thus the problem of
tumor or normal cell specificity may be over-
come. The basis of this test is first to embed
the cells into low-density agarose gel on a
microscope slide. Then, the cells are lysed
and subjected to electrophoresis. The broken
DNA molecules migrate away from the gener-
al mass of DNA towards to anode and pro-
duce a typical feature which is called “comet”.
Variations in lysis conditions allow us to
detect single and double DNA strand breaks,
cross links and base damage.81213

Chromosome damage

One of the most obvious effects of radiation is
chromosome damage. It has been demon-
strated that certain chromosome changes
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such as deletion of substantial part of chro-
mosome lead to cell death. Therefore, the
measurements of chromosome damage are
another possible approach to measure intrin-
sic cellular sensitivity. The conventional tech-
nique to asses chromosome damage is the
preparation of the karyotype of cells that
have been exposed to radiation in ex wvivo
conditions and count the aberrations.
Chromosomes are conventionally examined
during metaphase. When chromosomal sam-
ples (karyotype) are prepared the colhicine or
related agents that disrupt the formation of
mitotic spindle fibres are added to arrest the
cells in metaphase. The cells are then further
exposed to hypotonic solution, fixed, placed
on microscope slide and stained.

Another test used for the measurement of
damage is micronucleus
assay.1>19 Micronuclei arise from acentric
chromatide or chromosome fragments
induced by drugs or irradiation. In diploid
cells, the presence of micronuclei signals cell
death. The basis of this test is, first, to culture
the cells after their exposure to drugs or radi-
ation in the presence of cytochalasine B, the
drug which in appropriate concentration
allow karyokinesis, but inhibits cytokinesis.
After that, the cells are fixed on the micro-
scope slide and stained. Micronuclei can be
counted by means of microscope (Figure 2).
Some studies have shown very good correla-
tion of the micronucleus assay with the cell
kill measured by colony forming assay, and
some have not.15.20 Therefore, the use of this
assay as a possible predictor of tumor
response have to be validated in further in
vitro studies and also correlated with treat-
ment outcome in clinical studies.

The newer techniques employed for mea-
suring chromosome damage are premature
chromosome condensation and fluorescence
in situ hybridization (FISH technique).14 21-23
When the interphase cell is fused with a cell
in mitosis, it undergoes a process of prema-
ture chromosome condensation in which

chromosome
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chromosomes become visible. The mitotic cell
can be of different type and its chromatin can
be labelled with BrUdR so that, in binucleat-
ed fusion product, it is possible to identify the
chromosome of target cell. The advantage of
this technique is that it is very quick. It
enables the scoring of breaks in chromatin
within 10-15 minutes after irradiation and
also the speed of their rejoining.2l 22

The analysis of chromosome damage has
been greatly facilitated by the development of
specific probes (chromosome-specific lengths
of DNA) that can be used in FISH. In this
technique the chromosomes of target cell are
fixed on microscope slide after exposure of
cells to irradiation and heated to the level that
much of their DNA becomes single stranded
and incubated in the presence of labelled
probes. The probes bind to the regions of
chromosome DNA with which they are
homologous. The bound probe is then detect-
ed with a fluorescent ligand which binds to
the probe and which can be seen under fluo-
rescence microscope.}421-23 FISH technique
has the following advantages over other tech-
niques of measuring chromosomal damage: it
is highly sensitive and requires small samples
of tissue.

Gene expression after drug or radiation
treatment

Cell death after therapy occurs by at least
three mechanisms: apoptosis, necrosis and
reproductive cell death. There are numerous
genes that are associated with the cell
response to agents and radiation. The devel-
opment of techniques in molecular biology,
which enables rapid assessment of gene
expression and mutation, have stimulated an
increasing number of reports dealing with
correlation of molecular parameters with
treatment outcome and prognosis.24-26 The
screening of mutations in genes that are
involved in radio and chemo resistance, cell
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Figure 2. Presence of micronuclei in binucleated lymphocytes taken from nurses, occupationally exposed to chemother-
apeutic drugs.(a) signal-positive micronucleus stained with DAPI, (b) signal-negative micronucleus stained with DAPI,
(c) cell with two Ag-NOR- and one Ag-NOR+ micronuclei after silver staining, (d) Ag-NOR+ micronucleus with two sig
nals after silver staining. From Garaj-Vrhovac et al. (1998) with permission.1?

proliferation and repopulation, inflammatory
response (growth factors), vascular damage,
together with the cell cycle checkpoint and
apoptosis genes could be, in future, one of
the possibility to help predicting the sensitiv-
ity of human tumours to treatment with
drugs or radiation therapy and also for pre-
dicting the radiation induced damage to nor-
mal tissues.2* At present, at least five genes
influencing radiation sensitivity were cloned,
viz. Ku70, Ku80, SCID, XRCC4 and ATM
gene.2’ In the area of chemotherapy, expres-
sion of multidrug resistance mdr genes can

be measured and correlated with treatment
outcome.28

Hypoxia

The evidence that tumor hypoxia can reduce
the efficiency of radiotherapy was provided a
long time ago.2? The identification of hypoxic
tumors before the initiation of radiotherapy is
now feasible with new quick and reliable
techniques.1303¢ The methods to detect
hypoxia in human tumours are the following;
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e Polarographic measurements using oxygen
electrodes;

e Autoradiographic detection of radiolabelled
misonidazole or its analogues which selec-
tively bind to hypoxic cells;

o The detection of fluorine-labelled misonida-
zole or its derivates using positron-emission
tomography;

o The detection of 123I-labelled nitroimida-
zoles by external scanning;

e Immunohistochemistry or detection by flow
cytometry of nitroimidazole compounds;

e Non-invasive determination of oxygen dis-
tribution in tumours using magnetic reso-
nance techniques;

o Invasive determination of oxygen using a
flurophore-tipped optical fibre (0.2 mm diam-
eter) where the change in fluorescence life-
time, resulting from quenching of the fluores-
cence by oxygen, is measured in real time.

Tumor cell kinetics

The third category in predictive assays, that is
subjected to extensive research, is tumor cell
repopulation. The evidence for the impor-
tance of repopulation during radiotherapy
has been obtained by the analysis of clinical
data and measurements of the kinetics of cell
proliferation in human tumour biopsies.
Tumor cell proliferation can be measured by
the use of radioactive precursors of DNA
such as tritiated thymidine ()HTdR) and
autoradiographic detection of radiolabelled
SHTdR in cells or tissue sections, by measur-
ing total DNA content and iodo- or bromod-
eoxyuridine (IUdR or BrUdR) uptake using
flow cytometry, or by detection of BrUdR-
labelled cells on frozen sections or slides.3537
In addition, proliferation status of tumors can
be detected by staining tumor section with
proliferation dependent antibodies, such as
Ki67 (proliferation associated protein) and
proliferating cell nuclear antigen (PCNA).38:3
When the cell proliferation is measured by
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flow cytometry, labelling index (LI; propor-
tion of cells within S phase) and potential
doubling time (T,,; doubling time of clono-
genic cells in the assumed absence of cell
loss) can be determined.3”

Correlation with treatment outcome

In general, the results of predictive assays
showed a good correlation with treatment
outcomes in different types of tumors. In the
case of intrinsic radiosensitivity, the survival
at 2 Gy (SF,) of carcinoma of the cervix cor-
related with both, local tumor control and
survival of patients after treatment with
radiotherapy.*0 However, for head and neck
squamous cells carcinoma, this correlation
was not demonstrated.41#3 Correlation of in
vitro drug sensitivity testing with response to
chemotherapy showed that, in the case of
small and non-small cell lung cancer, there
was no correlation.44 On the other hand,
strong correlation of 3H-uridine uptake assay
and clinical response in patients with
metastatic breast cancer was noted.4> In a
study of Klumper et al.,, MTT assay was used
to assess the chemosensitivity in childhood
acute non-lymphoblastic leukemia. Among
the drugs tested, the only failures of
chemotherapy in these patients were found to
be due to the resistance to cytosine arabi-
noside.46 The role of micronucleus assay in
predicting response to radiotherapy was
demonstrated on 11 tumors of different ori-
gin. The tumors that produced more micronu-
clei after irradiation of cells in vitro showed
better response to radiotherapy.!8

In cervical cancer, it has been demonstrat-
ed by several authors that oxygenation of
tumors can predict radiation response and
survival of patients.47.48 In a study of Fylers et
al., it was shown that pO, reading below 5
mmHg as well as tumor size are significant
prognostic factor in an univariate analysis of
disease-free survival of patients with cervical
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cancer.*8 In head and neck tumors, the differ-
ences in pO, measurements were observed
between tumors and, for the majority of 35
tumors included in the study, the values of
pO, were lower than that of normal tissue.
However, there was no correlation with the
treatment outcome, probably due to the limit-
ed number of patients included in that
study.4!

The T, as a predictor of tumor response
to therapy did not prove its usefulness. In a
study of Begg et al. as well in the study of
Eshwege ef al, it was demonstrated that Tpo
did not predict the treatment outcome of
patients with head and neck carcinoma.
However, LI showed to be more promising as
a predictor of tumor response in head and
neck tumors.#149-52 Proliferation marker Ki67
showed to be associated with recurrent dis-
ease and PCNA with prediction of survival in
patients with laryngeal cancer.38

Radiation induced damage to normal tissues

Besides measurement of intrinsic radiosensi-
tivity of tumor cells, several studies were also
dealing with the response of normal tissue to
radiotherapy and its use as a predictor of nor-
mal tissue complications after radiotherapy.
Currently, the doses used in a conventional
treatment are determined primarily by the
most sensitive patients. Therefore, if a predic-
tive assay that would recognise sensitive
patients prior to the treatment could be devel-
oped, the doses given to those patients could
be reduced and, consequently, the risk of
severe complications could also be reduced.
On the other hand, the doses given to more
resistant patients could be increased to
achieve an improved tumor control. It has
been already recognised that at identical
treatment regimens, the reactions of the nor-
mal tissues to treatment are more severe in
some patients than in others. This is not due
only to the interpatient difference in tissue

physiology and biology or genetically based
difference in radiosensitivity, but also to the
physical parameters, such as dosimetry (differ-
ences in the actual radiation dose delivered to
the target cells of the normal tissue), treatment
volume (irradiation volume of normal tissue
vary with tumour size) and Poisson statistics
(critical levels of “Tissue rescuing unit”).37.53

To predict the susceptibility to radiation
damage, the same predictive assays as for the
treatment outcome can be applied. Most of
the current studies involve the measurements
of colony formation, chromosome damage,
counting of micronuclei, measurement of dif-
ferentiation and DNA damage in fibroblasts
or lymphocytes. Some studies indicate that a
significant therapeutic gain could be achieved
for a subset of patients from the use of the
predictive assay of normal tissue radiosensi-
tivity.15 5459 However, further validations of
these results are needed on larger groups of
patients.

Conclusion

Despite numerous predictive assays available
at the time, their use has neither been widely
accepted nor integrated into at least some
aspects of the care of patients with cancer.
There are several problems associated with
predictive assays: not all patients” tumours
can be grown in vitro, quality control, mimic-
king the in vivo pharmacokinetics of drugs in
in vitro cell cultures, and long duration of
clonogenic assay. Most of the problems have
been solved with new in wvitro predictive
assays such as FISH assay for intrinsic cellu-
lar sensitivity or use of compounds that binds
selectively to hypoxic cells, which will proba-
bly lead into clinical practice, hopefully in
near future.

Radiol Oncol 1999; 33(2): 127-36.
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