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FRACTIONATED
RADIOTHERAPY

Radiotherapy that is delivered in
several discrete dose fractions.
Conventional fractionation is
usually delivered once daily on
weekdays using a dose per
fraction of either 1.8 or 2.0 Gray.
In accelerated fractionation,
treatment is delivered over a
shorter total time as a strategy to
overcome repopulation.
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REPOPULATION OF CANCER CELLS
DURING THERAPY: AN IMPORTANT
CAUSE OF TREATMENT FAILURE

John J. Kim™ and lan E. Tannock*

Abstract | Radiotherapy and chemotherapy are given in multiple doses, which are spaced out
to allow the recovery of normal tissues between treatments. However, surviving cancer cells
also proliferate during the intervals between treatments and this process of repopulation is an
important cause of treatment failure. Strategies developed to overcome repopulation have
improved clinical outcomes, and now new strategies to inhibit repopulation are emerging in

parallel with advances in the understanding of underlying biological mechanisms.

When radiotherapy is used to treat cancer, it is admin-
istered in small doses (1.8-2.0 Gray (Gy)), which are
given, often daily on weekdays, for 5-7 weeks. The
reason for this schedule is to allow the recovery of
normal tissues from sub-lethal radiation damage
between treatments, and to allow the repopulation of
surviving cells in normal tissues during the prolonged
overall treatment time. Severe toxic reactions might
thereby be avoided. For similar reasons, when cancer
is treated using chemotherapy, drugs are often admin-
istered with intervals of about 3 weeks between each
treatment. This is because many of the drugs cause
damage to proliferating haematological precursor cells
in the bone marrow, and it takes about three weeks for
adequate repopulation from bone-marrow stem cells
and their progeny to occur.

Although the overall treatment time allows the
repopulation of cells in normal tissues, repopula-
tion of surviving tumour cells also occurs, thereby
increasing the number of tumour cells that must be
eradicated. There is evidence, reviewed below, that
the repopulation of tumour cells limits the effec-
tiveness of radiation therapy, and that tumour-cell
repopulation might accelerate during a course of
radiotherapy. Tumour-cell repopulation might also
limit the effectiveness of chemotherapy, which is not
surprising in view of the longer intervals between
treatments. However, there are strategies that can

selectively inhibit the repopulation of tumour cells
during either radiotherapy or chemotherapy, thereby
improving the outcome of treatment. Here we review
the process of tumour cell repopulation, the mecha-
nisms underlying this process, and approaches that
might inhibit it.

Measuring repopulation during treatment
Tumour-cell repopulation describes the continuing
proliferation of surviving tumour stem cells (that is,
cells with the capacity to regenerate the tumour) that
can occur during a course of FRACTIONATED RADIOTHERAPY
or chemotherapy. For fractionated radiotherapy, how
well the treatment controls the tumour is determined by
several competing factors. Some factors reduce the con-
trol of the tumour; for example, tumour cell repopula-
tion and recovery from sublethal radiation injury. Some
factors increase the control of the tumour; for instance,
reoxygenation of tumour cells and redistribution of
cells into more radiosensitive phases of the cell cycle.
The number of tumour stem cells present at different
times during fractionated radiotherapy will depend
on the processes outlined in FIG. 1. Evidence obtained
from comparing different radiation fractionation-dose
schedules, reviewed below, indicates that repopulation
often has a dominant effect on treatment outcome.
Measuring the rate of repopulation of tumour
cells during radiotherapy, or between courses of
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CLONOGENIC CELL

A tumour cell that has the
ability to proliferate and
produce a substantial number
of progeny. Clonogenic cells are
usually assayed by allowing
them to form colonies.
Clonogenic cells are likely to
represent tumour stem cells that
have the ability to regenerate
the tumour and lead to death of
the host.

HYPOXIC CELLS

The imperfect vasculature in
solid tumours leads to the
presence of tumour cells that
exist in a microenvironment
where the oxygen concentration
is very low. Such hypoxic
tumour cells are 2-3 fold less
sensitive to radiation than well-
oxygenated cells.

50% TUMOUR CONTROL DOSE
The dose of radiation that will
lead to local control of 50% of
tumours. When delivered under
hypoxic conditions (to
eliminate variable radio-
sensitivity of tumour cells due
to varying levels of oxygen), a
change in the TCD_ can be
used to estimate the change in
the number of clonogenic
tumour cells that are present.

Summary

o The repopulation of surviving tumour cells during treatment with radiation and chemotherapy is an important

cause of treatment failure.

o The rate of repopulation often increases with time during treatment with either radiotherapy or chemotherapy.

© Mechanisms that underlie tumour repopulation are poorly understood, but might involve the proliferation of
tumour cells that are distant from blood vessels and that were destined to die in the absence of cancer treatment.

e Prolongation of a course of fractionated radiotherapy requires a substantial increase in total dose, to counter the

effects of accelerated repopulation.

o Accelerated repopulation during successive courses of chemotherapy can lead to an initial response followed by
tumour regrowth in the absence of any change in the intrinsic sensitivity of the tumour cells.

o Accelerated radiotherapy and dose-dense chemotherapy (with support from growth factors) represent promising
strategies for reducing the effects of repopulation by shortening the overall treatment time.

o The use of molecular-targeted cytostatic agents during radiotherapy, or between courses of chemotherapys, is a
promising strategy to inhibit repopulation and thereby to improve therapeutic outcome.

chemotherapy, is challenging because it is diffi-
cult to separate tumour stem cells from cells that
are morphologically intact but lethally damaged
after treatment'. Measures of tumour cell prolif-
eration, as assessed by the uptake of markers of DNA
synthesis such as bromodeoxyuridine (BrdU), or by
using flow cytometry to measure DNA content, will
not distinguish viable cells from those destined to

Repopulation, recovery
from sublethal damage

N Multiple
"\ fractions

Fraction of surviving cells

102

Reoxygenation, redistribution

Cumulative radiation dose

Figure 1 | Survival curves and processes that influence
response to radiotherapy. Schematic survival cuves after
multiple doses or a single dose of radiation are shown. The
curves show a reduction in the relative number of surviving
cells as the total radiation dose is increased. For single doses,
there is an initial shoulder on the curve, which represents the
accumulation of sublethal damage, followed by an
approximately exponential decrease in survival with linear
increments in dose. During the intervals between multiple
doses, recovery from sublethal radiation injury, reoxygenation
of hypoxic cells (thereby increasing their radiosensitivity),
redistribution of cells into more radiosensitive phases of the cell
cycle and repopulation all have an effect on cell survival. These
processes take place throughout the course of fractionated
radiation, but not necessarily at a constant rate. Evidence
reviewed in this article indicates that repopulation is an
important process that influences outcome after treatment.

die during fractionated radiotherapy. By contrast, the
longer intervals between doses of chemotherapy means
that assessment of tumour cell proliferation shortly
before the next treatment is less likely to be influenced
by the presence of lethally damaged cells, and might
give useful information about repopulation.

For transplantable human or rodent tumours,
the number of colony-forming (cLonoGenio) cells can
be estimated by excising tumours at various times
during treatment, making a single-cell suspension,
and assessing colony formation in vitro, under the
assumption that this identifies tumour stem cells
in vivo. For experimental tumours, an alternative
estimate of the number of stem cells can be obtained
from the average single radiation dose needed to cure
the tumour. In this assay, several tumours in mice that
have had identical treatments with either fractionated
radiotherapy or with chemotherapy subsequently
receive a range of single radiation doses. Normally,
tumours contain an unknown mixture of aerobic and
nypoxic ceLLs (with the hypoxic cells being approxi-
mately three-fold less sensitive to radiation), so the
single radiation dose is given under hypoxic condi-
tions (for example, by applying a clamp to prevent
blood flow to the tumour) when all cells will have the
same intrinsic radiation sensitivity. The dose required
to control half of the tumours (that is, the 50% TumoUR
conTrOLDOSE, or TCD_ ) is then measured. Higher val-
ues of TCD_ relate directly to larger numbers of stem
cells in the tumour.

Because of repopulation, the total radiation dose
in a fractionated treatment must be increased to
control tumours as total treatment time is prolonged?
(FIG. 2). So, clinical data relating tumour control to
treatment duration can provide indirect estimates
of the rate of repopulation of surviving tumour stem
cells. Repopulation can then be characterized by the
increase in radiation dose needed to maintain tumour
control for every day that radiotherapy is prolonged.
The doubling time of surviving tumour stem cells can
also be estimated from the relationship between the
total dose required to maintain tumour control and
the duration of treatment.
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GOMPERTZ EQUATION

An equation that has been used
to fit tumour growth curves.
The equation is

V=V exp(a(l-exp(-bt)))
where V is tumour volume, ¢ is
time and a, b and V, are
constants. The equation
describes a decreasing rate of
tumour growth with increasing
time, as is commonly observed.

Repopulation during radiotherapy

Rodent tumour models. Malaise and Tubiana® first
demonstrated that regrowth of a transplantable mouse
fibrosarcoma was faster after a single dose of radia-
tion than growth of non-irradiated control tumours,
and others have reported similar findings*’. In many
solid tumours, the rate of growth decreases with time,
and can be approximated by the compErTZ EQUATION. In
a transplantable rat tumour, after an initial lag period,
repopulation of clonogenic tumour cells is faster than
controls and increases with the dose of radiation given®.
However, control and regrowth curves can be fitted by
the same Gompertzian curve when adjusted for an
initial lag period and for the estimated number of sur-
viving clonogenic cells immediately after irradiation.

When fractionated radiation has been delivered to
rodent tumours, using a clinically relevant dose per
fraction of about 2 Gy, results have been inconsistent.
For the transplantable rat tumour, irradiated either at
the implanted site or as lung metastases after intrave-
nous injection with tumour cells, the number of clo-
nogenic tumour cells increases but the rate of increase
is slower than in control tumours®’. Reoxygenation of
clonogenic cells during radiotherapy can increase their
radiosensitivity®. When radiation has been delivered
under hypoxic conditions, accelerated repopulation
has been demonstrated in several tumours during
fractionated radiotherapy®'2. Other investigators have
reported similar repopulation kinetics under aerobic
and hypoxic conditions''.

Repopulation has also been studied during frac-
tionated radiotherapy delivered to human tumour
xenografts in immune-deficient mice. For a poorly
differentiated squamous cell carcinoma xenograft,
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Figure 2 | The relationship between total dose of
radiation to control 50% of oropharyngeal cancers and
duration of fractionated radiotherapy. For courses of
radiotherapy that last up to about one month the line is flat
(lag phase), indicating that there is little or no repopulation in
the tumour. When treatment time is extended beyond about
1 month, repopulation between dose fractions increases the
number of tumour cells that must be killed, which means that
increasing doses of radiation must be given. Line is fitted to
data for oropharyngeal cancers. Modified, with permission,
from REE. 2 © (1988) Taylor and Francis.

repopulation kinetics could best be fitted to a model
in which there was initially minimal repopulation,
followed by accelerated repopulation after about
3 weeks of treatment'®. Conversely, a change in
repopulation kinetics over time was not observed
in a moderately well-differentiated squamous cell
carcinoma’®. When a human soft-tissue sarcoma
xenograft was irradiated with different fractionation
schedules, repopulation was substantially greater for
the most protracted schedule, and was faster than
growth in untreated tumours'®. Increasing overall
treatment time by the introduction of a treatment
break resulted in decreased control of human cervical
carcinoma xenografts'. For xenografts derived from
human melanoma, squamous cell carcinoma and
brain tumours, the radiation dose per day required
to overcome repopulation of tumour cells was in the
range of 0.5-0.9 Gy per day®. This dose range is simi-
lar to that derived from analysis of different schedules
of clinical radiotherapy, discussed below.

Despite some variability, there is strong evidence
for accelerated repopulation during fractionated radio-
therapy given to tumours in animals. Representative
results are summarised in TABLE 1.

Clinical radiotherapy. In an important paper, Withers
and colleagues? analysed pooled clinical data, from
different radiotherapy institutions, for total radia-
tion doses required to control 50% (that is, TCD,,) of
squamous cell carcinomas of the head and neck. The
marked increase in TCD, | if the treatment lasted more
than 4 weeks was ascribed to accelerated repopulation
(FIG. 2). Although these tumours are usually slow-
growing with typical doubling times of 2-3 months,
the estimated doubling time of surviving clonogenic
cells decreased to about 4 days. Bentzen and Thames"
indicated that these results should be interpreted with
caution because not all institutions used a standard
dose of 2 Gy per fraction, and several assumptions were
made in estimating TCD, . However, an evaluation of
results for tonsillar carcinoma from nine institutions
showed similar results®.

For human tumours, estimates of the doubling time
of surviving tumour cells during radiotherapy are in the
range of 4-8 days*>*"*. For epithelial cancers the prob-
ability that tumours will grow out of control increases
by about 1.0-1.5% for each day that treatment is pro-
longed beyond a certain time period, which is typi-
cally in the range of 4-6 weeks, but might be tumour
specific?®*?%, The added radiation dose required to
overcome repopulation is in the range of 0.5-1.0 Gy
per day of treatment prolongation®***>*%, These data
are derived from retrospective reviews of radiation
treatment protocols, and might be confounded by the
factors outlined in FIG 1. However, Withers and Peters*
analysed the results of a large prospective randomized
trial that compared accelerated fractionated radio-
therapy (delivered over 6 weeks) with conventional
fractionated radiotherapy (delivered over 7 weeks) for
head and neck cancer, and found similar parameters
of repopulation?.
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Table 1 | Repopulation during fractionated radiotherapy for experimental tumours

Tumour Evidence for accelerated repopulation References

Mouse

C3H mammary carcinoma Radiation dose to control 50% of tumours increased when total treatment time exceeded 12
9 days.

MCA-4 mammary carcinoma Estimation of doubling time of clonogenic cells was faster in irradiated than in un-irradiated 9
tumours

SSK fibrosarcoma; AT7 Estimation of doubling time of clonogenic cells during treatment was faster than pre- 10

adenocarcinoma; AT478 SC treatment volume doubling time or potential doubling time. Cell proliferation assessed by IdU

carcinoma uptake in tumours did not correlate with radiobiological data

SCCVII SC carcinoma; B16-F1 For all cell lines, surviving fraction of clonogenic cells was greater for a radiation schedule 11

melanoma; RIF-1, KHT-C and KHT-  that allowed repopulation than one that did not. SCCVII and B16-F1 tumours showed

LP1 fibrosarcomas accelerated repopulation

Human

Melanoma xenograft cell lines: EF Number of clonogenic cells as a function of total dose. 2.0-2.2 Gy per day required to 18

and VN overcome repopulation. Doubling time of clonogenic cells during radiation was faster than
pre-treatment potential doubling time

HSTS26T soft tissue sarcoma Radiation dose to control 50% of tumours increased with overall treatment time. 1.35 Gy 16
per day was required to overcome repopulation

SiHi cervical SC carcinoma Rapid repopulation after radiation due to more clonogenic cells 17

FaDu SC carcinoma Radiation dose to control 50% of tumours as a function of fraction number and overall 18

treatment time was consistent with a biphasic model of repopulation. Repopulation

accelerated as time increased

SC, squamous cell; I[dU, iododeoxyuridine.

TUMOUR SPHEROIDS

Spherical aggregates of tumour
cells that can be grown in tissue
culture. Spheroids retain many
properties of solid tumours,
including tight junctions
between epithelial cells, the
generation of an extracellular
matrix, and gradients of
nutrient concentration and
proliferative rate from the outer
to inner layers.

PROLIFERATIVE INDEX

The proportion of cells in a
population that are identified by
amarker of cell proliferation
such as Ki67, or by the uptake of
bromodeoxyuridine (BrdU).

The detrimental effects of extending overall
treatment time for tumour control is established for
many malignancies, including squamous cell car-
cinomas of the larynx* and pharynx®, carcinoma
of the cervix?*, and bladder cancer??. This effect is
observed both for primary radiation treatment and
for postoperative radiotherapy?.

Repopulation during chemotherapy

There have been few studies of repopulation in rodent
tumours after chemotherapy (TABLE 2). Five studies of
animal tumours, each treated with single-agent chem-
otherapy”*, and two studies of multicellular Tumour
spHEROIDS**?, all consistently demonstrate increased
repopulation after chemotherapy.

Even less is known about repopulation in human
tumours after chemotherapy. Studies have been lim-
ited to evaluating cellular proliferation from biopsy
samples taken at various intervals after the last course
of chemotherapy. In a study of patients with oropha-
ryngeal cancer, Bourhis and colleagues® estimated the
potential doubling time of viable cells in tumour biopsy
samples after chemotherapy. They found evidence for
accelerated repopulation as compared with cell pro-
liferation in untreated tumours, and concluded that
accelerated repopulation was associated with a poor
response to treatment. In contrast, in a pilot study of
patients treated with platinum-based chemotherapy
for ovarian cancer, Davis and colleagues® found that
at variable times after the last chemotherapy (mean
33 days) the proLIFERATIVE INDEX (assessed by staining
for a nuclear antigen associated with proliferation,
Ki67) was increased in four patients, reduced in 12
and unchanged in five patients.

Models of repopulation
Radiotherapy. Solid tumours have a high spontane-
ous rate of cell death, which in human cancers is often
80-90% of the rate of cell production®. The potential
doubling time of a tumour (that is, the time it would
take to double in volume in the absence of cell loss or
death) is therefore much shorter than its actual dou-
bling time. Older studies established that the rate of
cell proliferation in untreated tumours decreases with
increasing distance from tumour blood vessels, with a
high rate of death in the quiescent population, related
in part to deprivation of oxygen and other nutrients**'.
In a model proposed by Fowler*, well-oxygenated cells
proximal to the blood vessels die and are removed fol-
lowing radiotherapy. Consequently, the nutritional and
oxygen status of the remaining cells improves, with the
result that the rate of spontaneous cell death decreases.
This is magnified over a course of fractionated radio-
therapy. The decrease in the spontaneous death of
tumour cells is then the predominant factor, which
leads to accelerated repopulation (FIG. 3a).
Kummermerhr and Trott* have proposed a model
based on proliferation and differentiation during the
renewal of normal tissues. In this model, tumour stem
cells normally produce more of both themselves and
cells that undergo terminal differentiation. When
repopulation occurs during radiotherapy, a greater
proportion of the progeny of stem cells is assumed to
retain clonogenic capacity (FIG. 3b). The rate of pro-
liferation of clonogenic tumour cells might also be
faster, with fewer aborted cell divisions*. This model
is derived from data from normal murine squamous
epithelium, which also shows altered repopulation
kinetics after ionising radiation*>*¢. Alterations in the
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Table 2 | Evidence for accelerated repopulation in tumours following treatment with chemotherapy

Tumour

B16 melanoma (mouse)

9L gliosarcoma (rat)

SA-NH sarcoma (mouse)

EMT-6 and MXT mammary
carcinomas (mouse)

V79*

Oropharyngeal cancer
(human)

Evidence for accelerated repopulation References
Quantification of clonogenic cells as a function of time after chemotherapy. Greater response to 29
cyclophosphamide correlates with delayed repopulation as compared with CCNU

Quantification of clonogenic cells as a function of time after treatment with BCNU. Dose-dependent 30,31
delays in complete repopulation correlate with increases in animal life-span

Estimation of number of clonogenic cells as a function of time after delivery of cyclophosphamide by 32
measuring the radiation dose required to control 50% of tumours (TCD, ) under hypoxic conditions.

After a delay, doubling time decreases to half that of untreated tumours

Assessment of tumour cells incorporating BrdU at 1 week intervals after 1, 2 and 3 courses of 33
chemotherapy with cyclophosphamide or 5-FU. BrdU labeling index higher than in control tumours

Initial shrinkage followed by re-growth during daily treatments with cisplatin. Re-growth due to 34,35
repopulation from originally quiescent cells

Proportion of S-phase cells increased, and potential doubling time decreased, after induction 36

chemotherapy

*Chinese hamster fibroblast cells cultured as spheroids. CCNU, lomustine; BCNU, carmustine; BrdU, bromodeoxyuridine; 5-FU, 5-fluorouracil.

cellular microenvironment might also have a role in
influencing such mechanisms and might be relevant to
both models illustrated in FIG. 3 (REFS. 13,47).

The molecular mechanisms that underlie acceler-
ated repopulation during radiotherapy are not well
understood. Ionising radiation has been shown to
activate the epidermal growth factor receptor (EGFR)
and other members of the ERBB family of tyrosine
kinases, leading to activation of mitogen activated
protein kinase (MAPK) pathways and the stimulation
of cellular proliferation*®->2. Schmidt-Ullrich and col-
leagues™ demonstrated that ionising radiation induces
the proliferation of human squamous cell carcinoma;
this response was mediated through EGFR auto-
phosphorylation and was observed over a clinically
relevant dose range. The levels of EGFR and cyclin
D1, a downstream effector of EGFR, were found to
correlate with radiocurability of nine murine epithelial
carcinoma cell lines**. High EGFR levels have also
been correlated with poorer clinical outcomes follow-
ing radiotherapy®® and the prognostic significance of
EGFR expression might depend on overall treatment
time*®, consistent with a role for EGFR and down-
stream signalling pathways in accelerated repopula-
tion®. Targeting the EGFR, or pathways stimulated
by it, might be a logical way of inhibiting tumour-cell
repopulation during radiotherapy (see below).

Chemotherapy. Norton and Simon proposed a
mathematical model to describe the repopulation
that occurs after treatment with chemotherapy>®;
they assumed that tumour growth would follow a
Gompertzian curve, so that the rate of regrowth
would be faster after shrinkage induced by treatment.
However, changes in the volume of tumours might
occur slowly even after effective chemotherapy, and
changes in the number of and the proliferative rate
of the surviving tumour stem cells are important in
determining the importance of repopulation.

In FIG. 4, we have modelled repopulation during
courses of chemotherapy given at three-week intervals,
using the assumptions that: (a) the rate of repopulation

remains constant (FIG. 4a); (b) the rate of repopulation
increases in the intervals between successive courses of
treatment (accelerating repopulation) (FIG. 4b); and (c)
chemotherapy inhibits proliferation at short intervals
after treatment but subsequent repopulation accelerates
between successive cycles of chemotherapy® (FIG. 4¢). It
is assumed in FIG. 4 that the intrinsic drug sensitivity of
the tumour cells does not change. In practice, increased
cellular sensitivity to cytotoxic drugs owing to more
rapid proliferation might be countered by the tendency
to select cells that are intrinsically more resistant.
Even if the rate of proliferation of surviving tumour
cells remains similar to that before treatment, repopula-
tion will affect the effectiveness of chemotherapy. Many
common solid tumours show initial response followed
by regrowth after further chemotherapy. Models that
incorporate accelerated repopulation can describe this
acquired drug resistance without the need to assume
any change in intrinsic cellular chemosensitivity. The
models shown in FIG. 4 predict that repopulation will
have a substantial effect on the overall level of cell
kill. This effect is particularly relevant when adjuvant
chemotherapy is given post-operatively to eradicate
micro-metastases: the net cell kill from adjuvant
chemotherapy for breast cancer, for example, might
reduce cell survival only to the order of 1% (REE 62).
Durand and colleagues®* investigated the spatial
origin of cells that participate in accelerated repopula-
tion after treatment of multicellular tumour spheroids
by chemotherapy. There is a gradient of decreasing
cell proliferation with increasing distance from the
surface of spheroids, similar to that from tumour
blood vessels®***. Most anticancer drugs are prefer-
entially toxic to proliferating cells, and many drugs
have poor penetration into solid tissue®-%. Cells near
to the periphery of spheroids were therefore more
likely to be killed by chemotherapy, and subsequent
repopulation occurred because of entry into the cell
cycle of originally quiescent cells near the centre of
spheroids®*, probably owing to improved nutrition.
A recent study evaluated the proliferation of cells in
a human colon cancer xenograft by measuring the
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Figure 3 | Models for repopulation. a | In an untreated tumour, cells that have migrated
further away from blood vessels, as a result of proliferation, will become depleted of oxygen
and other nutrients. These peripheral cells will tend to die spontaneously. Radiotherapy
(because of selective effects against well-oxygenated cells) and chemotherapy (because of
higher drug concentration and selective effects against proliferating cells) are more toxic to
cells that are close to blood vessels in tumours. As a result, the migration of cells away from
vessels and the rate of spontaneous cell death are reduced. Repopulation occurs from the
more distal cells, which tend to be spared by treatment. RT, radiotherapy; CT, chemotherapy.
b | After fractionated radiotherapy, the relative production of tumour stem (S) cells is increased
compared with the production of terminally differentiated (D) cells.

Untreated tumour

uptake of BrdU after treatment with gemcitabine.
Tumour blood vessels were stained with an antibody
to the endothelial marker, CD31, and regions of
hypoxia were identified by an antibody to pimonida-
zole, an agent that is selectively taken up by hypoxic
cells”. Initially, gemcitabine inhibited the prolif-
eration of most tumour cells, but repopulation was
observed starting from cells that were more distant
from tumour blood vessels, and which had lower rates
of proliferation in the untreated tumour.

The above studies are consistent with the model
shown in FIG. 33, which might apply to repopulation
after either radiotherapy or chemotherapy. Following
chemotherapy, tumour cells close to blood vessels
are most likely to be killed because of their higher
rate of proliferation (and resultant chemosensitiv-
ity) and better drug access; when these cells die or
stop metabolising, nutrition of the more distant cells

CYTOSTATIC AGENT

An agent for which the
principle effect is to stop cells
from proliferating, rather than
directly causing their death.

improves, death of the distal cells decreases, and the
distal cells re-enter the cell cycle and repopulate the
tumour. This model provides a mechanism for the
paradox that some tumour cells might survive that
would have died in the absence of treatment.

The proliferation of tumour cells after chemo-
therapy depends ultimately on the activation of cyc-
lin/cyclin-dependent kinase complexes that control
the entry of cells into the cell cycle and their passage
through the cell cycle. Like after radiotherapy, activa-
tion of these proteins might occur through signalling
from receptors, such as the EGFR, but little is known
about changes in activity of these pathways in tumours
treated with chemotherapy.

Strategies to inhibit repopulation

Strategies that might inhibit the repopulation of
tumour cells during either radiotherapy or chemo-
therapy have the potential to improve the outcome of
cancer treatment. Such strategies must be relatively
specific for tumour cells, compared with their effects
on dose-limiting normal tissues, to improve therapeu-
tic outcome. Promising strategies include those that
modify the dose-schedule of treatment (accelerated
radiotherapy and dose-dense chemotherapy) and those
that use cyrostaric AGeNTs to inhibit repopulation.

Altered radiotherapy fractionation. Accelerated frac-
tionation reduces the overall treatment time, thereby
providing less opportunity for the repopulation of
tumour cells”’% using this strategy, the fractional doses
are given more than once daily, and/or treatment is
continued during weekends. In general, these schedules
also increase acute normal tissue toxicity, because there
is less time for the repopulation of normal tissue.
Accelerated fractionation has improved local con-
trol of Burkitt’s lymphoma, a tumour that is known
to proliferate rapidly”. Accelerated fractionation has
been used most extensively for treatment of squamous
cell carcinomas of the head and neck, for which a
meta-analysis reported a small survival benefit and
increased loco-regional control™. Two Danish studies,
DAHANCA 6 and 7, compared the outcomes of using
six daily fractions per week with the conventional five
fractions per week, thereby shortening overall treat-
ment time by 7 days. All patients received nimorazole,
an agent that sensitizes hypoxic cells to radiation.
There was improvement in local control and disease-
specific survival”. The Radiation Therapy Oncology
Group (RTOG) compared a conventional fractionation
schedule with two schedules of accelerated fractiona-
tion in a large randomized trial; only the accelerated
schedule without a planned treatment break showed
improved loco-regional tumour control””. Another
randomized trial showed similar results’®, but two
others demonstrated no benefit, perhaps because the
total radiation dose was reduced’”’s. When accelerated
fractionation is used to minimise the effects of repopu-
lation in tumours, split-course radiation (that is, with
a break of one or more weeks in the middle of a course
of treatment) should not be used, because it will allow
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Figure 4 | Model curves that illustrate the potential effects of repopulation on the total number of cells present in a
tumour at different times during chemotherapy, relative to the start of treatment. It is assumed that 70% of tumour
cells are killed after each administration of chemotherapy, which is given at 3-week intervals. a | Assumes a constant rate or
repopulation of surviving tumour cells between treatments, characterised by a doubling time of either 10 days or 2 months.

b | Assumes accelerating repopulation of surviving tumour cells between successive courses of chemotherapy, characterised
by the indicated doubling times. ¢ | Assumes a delay in onset of repopulation after each cycle of chemotherapy, followed by
accelerating repopulation of surviving tumour cells with the indicated doubling times. Note that accelerated repopulation can
lead to the remission and regrowth of tumours during chemotherapy, as is commonly observed in clinical practice, without any
change in the intrinsic chemo-sensitivity of the tumour cells. T, cell doubling time. Modified, with permission, from REE 61 ©

(2000) Lancet Publishing Group.

repopulation to occur, and total radiation doses should
be near or at conventional levels.

By contrast to accelerated fractionation, hyperfrac-
tionation delivers multiple smaller fractions per day,
using conventional overall treatment times, to allow
greater normal tissue recovery to occur in each inter-
val between treatments. Accelerated fractionation and
hyperfractionation are often combined. In two large
UK trials, continuous hyperfractionated accelerated
radiotherapy (CHART, in which three daily doses
are given continuously without weekend breaks over
12 days) was compared with standard fractionation.
The total radiation dose was reduced in the patients
given CHART to prevent severe normal tissue toxicity.
Improved local control and overall survival was found
for non-small cell lung cancer, but not for head and
neck cancer”®. However, the CHART experience of
head and neck cancer does provide indirect evidence
for repopulation using standard radiation dose-sched-
ules — accelerated fractionation with a reduced total
dose resulted in similar tumour control to that obtained
with standard fractionation.

Dose-dense chemotherapy. The interval between
courses of chemotherapy is determined by the
requirement that the bone marrow repopulate the
white cells and platelets in the blood before the next
treatment cycle, thereby minimising the chance of
infection or bleeding. The availability of growth fac-
tors such as granulocyte-colony stimulating factor
(G-CSE also known as filgrastrim) allows accelerated
repopulation of the bone marrow, such that courses
of chemotherapy can be given safely at 2-week instead

of 3-week intervals. Randomized clinical trials for
which 2-week schedules with growth factors were
compared with standard 3- or 4-week schedules have
shown improved survival when used as adjuvant
treatment for breast cancer® and for treatment of non-
Hodgkin’s lymphoma®. There were similar trends for
treatment of advanced bladder cancer®, although not
in a smaller trial for locally advanced breast cancer®.
These trials did not report increases in normal tissue
toxicity compared with conventional schedules. These
encouraging results need confirmation before their
widespread adoption, especially because the modified
treatment is expensive.

Combined radiotherapy and chemotherapy. There have
been several trials in which chemotherapy has been
given concurrently with radiation therapy, and indi-
vidual randomized trials and meta-analyses have dem-
onstrated improvement in survival following primary
treatment of cancers of the head and neck and uterine
cervix**~¥. Promising results have also been obtained
for stage IIT lung cancer, oesophageal cancer, blad-
der cancer and others. In general, strategies in which
chemotherapy is given before radiotherapy have not
been shown to be therapeutically beneficial, perhaps
because initial chemotherapy stimulates repopulation
throughout the subsequent radiotherapy.

The mechanisms that underlie the benefits of
concurrent chemotherapy and radiotherapy are
complex: they might include additive anti-tumour
effects and/or radio-sensitization, but it is unclear
how this would be selective for the tumour rather
than for normal tissues. Doses of chemotherapy that
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Table 3 | An example of optimal scheduling of cytotoxic and cytostatic therapy*

Treatment Advantages

Chemotherapy followed by

hormonal agent chemotherapy

Chemotherapy and hormonal
agent given concurrently
chemotherapy

Short-acting hormonal agent
given between cycles of
chemotherapy and stopped
before next cycle

No inhibition of cycle-dependent killing by

Early use of two active therapies. Inhibition
of repopulation between cycles of

Disadvantages

Delayed treatment with active
hormonal agent. No inhibition of
repopulation between cycles of
chemotherapy

Inhibition of proliferation by hormonal
agent might reduce cycle-dependent
killing by chemotherapy

Early use of two active therapies.
Inhibition of repopulation between cycles
of chemotherapy. No inhibition of cycle-
dependent killing by chemotherapy

*Oytotoxic chemotherapy and tumour-selective cytostatic hormonal therapy options for adjuvant treatment of patients with

hormone-receptor-positive breast cancer.

are tolerated during radiation are small, and their
main effect might be to inhibit the repopulation of
tumour cells®®; if so, benefit is likely to occur when
repopulation is faster in the tumour than in the
dose-limiting normal tissues in the radiation field.
Randomized trials for head and neck cancer have
shown that concurrent chemotherapy can overcome
the effects of prolonging the overall treatment time
when planned treatment gaps are introduced®’’.
Although radiation and concurrent chemotherapy
is standard treatment for some types of cancer, toxic
reactions prevent many patients from completing
their chemotherapy®?, especially near the end of
radiotherapy when repopulation is most likely to
occur®. Encouraging results have been reported from
Phase I and II studies that have evaluated concurrent
chemotherapy delivered during the last part of the
radiotherapy schedule®-**.

Use of cytostatic molecular-targeted agents. Repopu-
lation probably depends on the activation of signalling
pathways that stimulate the proliferation of tumour cells,
and many molecular-targeted agents have been devel-
oped that inhibit these pathways. Examples of molecu-
lar-targeted agents include small molecule inhibitors
and antibodies against specific proliferation pathway
proteins. Some agents are approved for the systemic
treatment of cancer and many others are in clinical tri-
als. It is logical to evaluate the use of these agents during
radiotherapy, or between courses of chemotherapy, with
the goals of inhibiting the repopulation of tumour cells
and improving the outcome of therapy.

Because signalling from the EGFR might be stimu-
lated by radiation, repopulation might be inhibited by
agents that bind to the EGFR or to the tyrosine kinase
part of the receptor (EGFR-TK). Several single-arm
studies have investigated EGFR inhibitors, including
gefitinib, erlotinib, and the monoclonal antibody cetux-
imab. These results have been promising for tumour
control, but also increased normal tissue toxicity. The
ideal targeted agent enhances radiation response but
has independent and limited side-effects, because acute
normal tissue toxicities are at or near clinically accept-
able tolerance levels for radiotherapy alone. Preliminary
results of a Phase IIT study of cetuximab combined with

radiotherapy for head and neck cancers demonstrated
an improvement in locoregional control and survival
compared with radiation alone, without significantly
increasing acute mucosal toxicity*. Several molecular
agents that target the MAPK pathway have been found
to modulate radiosensitivity in preclinical studies and
are in Phase I/1I trials with radiation®.

The potential use of tumour-selective cytostatic
therapy to inhibit repopulation between courses of
chemotherapy is illustrated in TABLE 3 by the example
of scheduling of adjuvant chemotherapy (cytotoxic)
and hormonal therapy (primarily cytostatic) after
surgery for patients with hormone-receptor positive
breast cancer. A logical strategy would use a short-
acting cytostatic agent between courses of chemo-
therapy to inhibit the repopulation of tumour cells
and to stop it before the next cycle so that cells can
resume proliferation and be maximally sensitive to
cytotoxic drugs. Hormonal agents provide an ideal
tumour-specific strategy because the bone marrow,
which is the most important organ that limits the
dose and frequency of chemotherapy, is not affected.
By modelling this concept, we have shown that the
intermittent administration of the short-acting anti-
oestrogen arzoxifene between treatments of hormone-
responsive breast cancer cells with 5-fluorouracil or
methotrexate could lead to a 100-fold reduction in
the survival of clonogenic cells after two courses of
treatment with chemotherapy®.

The rapamycin analogue CCI-779 is a cytostatic agent
that is particularly active against tumours with mutation
of the tumour suppressor gene phosphatase and tensin
homologue (PTEN). Mutations of PTEN are found in
many human tumours, including prostate cancers®'®.
We have investigated the use of CCI-779 in xenografts
generated from the human prostate cancer cell lines
PC-3 (mutant PTEN) and DU-145 (wild-type PTEN).
CCI-779 caused marked cytostatic effects against PC-3
xenografts, and enhanced the effect of docetaxel when
given between weekly courses of treatment'".

Molecular-targeted agents are primarily cytostatic,
so that tumour response (shrinkage) is relatively rare,
and when it occurs, is usually delayed. In some clini-
cal trials, these agents have been given concurrently
and continuously with chemotherapy. The results of
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INTENSITY-MODULATED
RADIATION THERAPY

A form of 3-dimensional
conformal radiotherapy. In this
advanced radiotherapy
technique, multiple radiation
beams of varying intensity are
used to ‘shape’ the radiation
dose to encompass specified
target volumes, while limiting
the dose to normal tissues.

most trials have been disappointing. As illustrated in
TABLE 3, this schedule is not logical, as the cytostatic
effects of molecular-targeted agents might render
tumour cells less sensitive to cycle-active chemo-
therapy. We suggest a new generation of clinical trials,
in which cytostatic agents are given between courses
of chemotherapy to inhibit repopulation, with the
stopping of such treatment before the next round of
chemotherapy to allow cells to re-enter the cycle and
regain sensitivity to cycle-active drugs.

Future directions

Repopulation during fractionated radiotherapy has
long been recognized as an important cause of treat-
ment failure. Clinical trials are being used to evalu-
ate strategies to inhibit the process, and a promising
approach is the use of molecular-targeted agents
to selectively inhibit the proliferation of tumour
cells during radiation treatment. Laboratory-based
experiments and clinical trials should seek to identify

tumour-selective cytostatic agents that are effective,
but which do not interact with radiation to increase
normal tissue toxicity. Combining such agents with
conformal or INTENSITY-MODULATED RADIATION THERAPY,
which limit the irradiation of normal tissues, might
reduce the toxicity of combined therapies. Predictive
assays, based on the molecular profiling of tumours,
should seek tumour-specific strategies to inhibit
repopulation.

Less is known about repopulation during chemo-
therapy, and priority should be given to experimental
and clinical studies of the process, and of underlying
mechanisms. As for radiotherapy, molecular-targeted
agents offer opportunities to combine cytostatic tumour-
selective therapy with chemotherapy. The optimal com-
bination of such agents will require careful scheduling.
Giving the patient the cytostatic agent continuously and
concurrently is unlikely to be optimal, and new trials
should investigate the scheduling of molecular-targeted
agents between courses of chemotherapy.
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