European Journal of Cancer 41 (2005) 564-575

European
Journal of
Cancer

www.ejconline.com

Paediatric Update

Has chemotherapy reached its limits in pediatric cancers?

Gilles Vassal *

Department of Paediatric Oncology, France
UPRES EA3535, Pharmacology and New Treatments of Cancers, Institut Gustave Roussy, 39 Rue Camille Desmoulins, 94805 Villejuif Cedex, France

Received 29 May 2004; received in revised form 5 August 2004; accepted 24 August 2004
Available online 8 December 2004

1. Introduction

Over the last 50 years, chemotherapy has been used
along with surgery and radiotherapy to treat malignan-
cies in children.

Strictly speaking, chemotherapy is “‘the prevention or
treatment of disease by the use of chemical substances.
The term is sometimes restricted to the treatment of infec-
tious diseases with antibiotics and other drugs or to the
control of cancer with antimetabolites and similar drugs
(in contrast to radiotherapy)” (Oxford concise Medical
Dictionary 1998 New Edition). It is therefore not re-
stricted to cancer. Physicians use antibacterial chemo-
therapy and antiviral chemotherapy daily. Since the
first half of the 20th century, most medicines used as sin-
gle agents or in combination to treat human cancers
have been chemical compounds with cytotoxic proper-
ties. They may originate from plants (for example, vinca
alkaloids, camptothecins), from the earth (anthracy-
clines) or from chemistry (for example, alkylating
agents) and have been identified as anticancer drugs
through massive screening of substances using in vitro
and in vivo models. These models were murine tumour
models before 1985, and human tumour models after
1985 [1]. The drugs were chosen for their capacity to kill
cells or at least to inhibit their growth, whatever their
mechanisms of action. Thousands of compounds were
screened, but very few became anticancer drugs ap-
proved for use in humans. Most were known to be cyto-
toxic and were used in humans before their exact
mechanism(s) of action was identified. For example, eto-
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poside was identified as a topoisomerase II inhibitor
years after it was introduced in humans.

Anticancer compounds are also toxic to normal tis-
sues, especially to the bone marrow. The strategy was,
and still is, to eradicate malignant disease by combining
compounds administered at their maximum tolerated
dose (MTD), i.e. the highest dose that can be used in hu-
mans, with toxicity considered tolerable by physicians.
During the second half of the 20th century this has been
the basis of cancer chemotherapy: “the more, the better”
[2-4].

However, during the last 10 years, pharmaceutical
companies have set up new strategies for anticancer
drug development. They are based on the molecular
pathology of cancer. Biology and genomic high-
throughput technology platforms are used to identify
genes, proteins and pathways, altered in malignant cells,
that may be interesting therapeutic targets. Then, func-
tional assays of these proteins are developed to screen
large chemical “libraries” in order to identify at least
one compound (the “lead compound”) that is able to in-
hibit the target significantly. Optimising this lead com-
pound eventually makes a derivative available for
clinical development. The result is a putative anticancer
drug, the so-called “targeted compound”, which is be-
lieved to target malignant cells more that traditional
drugs and to kill them (cytotoxic) or prevent them from
proliferating (cytostatic). Among these new types of
compound are (a) the recently approved imatinib mesy-
late (Glivec®) for the treatment of chronic myeloid leu-
kaemias (CML) and gastrointestinal stromal tumours
(GIST), (b) gefitinib (Iressa®) for the treatment of
non-small cell lung carcinoma, and (c) trastuzumab
(Herceptin®) (a monoclonal antibody) for the treatment
of c-erbB2-positive breast cancers. They are believed to
induce less toxic effects, especially haematological toxic-
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ity, than conventional anticancer compounds, or at least
different types of toxicity. In addition, targeted com-
pounds are believed to be active below their MTD and
best used at their optimal biological dose (OBD). All
of these compounds, including monoclonal antibodies,
should nevertheless be considered as “‘chemotherapy”
even though their mechanisms of action, their spectrum
of activity and toxicity differ from that of conventional
cytotoxic agents. With these specific targeted anticancer
agents, the strategy may be to control tumour cell pro-
liferation rather than eradicate every last cell, although
some of these agents are able to induce apoptosis.
Thus, when one asks the question ‘““Has chemother-
apy reached its limits?” in paediatric cancers, one is
unconsciously referring to “‘conventional cytotoxic anti-
cancer compounds’ that have been used for the last 50
years in children with cancer, as opposed to the new
“targeted” treatments based on tumour biology.

2. Cytotoxic chemotherapy has significantly improved
cure rates

Dramatic progress has been achieved with conven-
tional cytotoxic chemotherapy in the treatment of sev-
eral paediatric malignancies. It is now well established
that children with acute lymphoblastic leukaemia
(ALL) can be cured with combination chemotherapy,
without the use of central nervous system (CNS)-direc-
ted radiotherapy that was previously thought to be
essential. Short, intensive chemotherapy regimens
achieved cure rates exceeding 90% in children with Bur-
kitt-type non-Hodgkin’s lymphoma (NHL) [5]. These
results were obtained through successive prospective
clinical trials, many of them aimed at increasing the
dose intensity and developing effective doses and sched-
ules to prevent CNS relapses. Thus, the concept of
eradicating all malignant cells has been successfully ap-
plied in these diseases using cytotoxic compounds at
their MTD. Other paediatric tumours, such as nephro-
blastoma, proved to be highly sensitive to radiation
therapy and then to cytotoxic chemotherapy; cure rates
exceeding 90% are now being achieved. Based on this
difference in chemosensitivity in childhood tumours
compared with adult tumours, cytotoxic chemotherapy
has been developed in almost all paediatric malignan-
cies and has significantly improved cure rates to 70%,
overall [6].

In paediatric oncology, conventional cytotoxic che-
motherapy proved to be an effective systemic treatment:

e to improve significantly overall survival of patients
with  the most chemosensitive  paediatric
malignancies,

e to eradicate distant micrometastasis from solid
tumours, e.g. sarcomas,

e to enable safe reduction of the dose of radiation ther-
apy or to avoid using it in several diseases, €.g. sarco-
mas, brain tumours, nephroblastoma, acute
lymphoblastic leukaemias, Hodgkin’s disease,

e to increase tumour operability and allow the use of
conservative treatments, e.g. osteosarcoma, rhabdo-
myosarcoma, hepatoblastoma.

In parallel, huge efforts have been expended to iden-
tify, analyse and control acute toxic side-effects, along
with long-term side-effects (“late effects”) that may oc-
cur after cure of a childhood cancer. For those patients
with a ““good prognosis” malignant tumour, the goal is
to improve the benefit/risk ratio and significantly in-
crease their quality of life both during treatment and
when cure is achieved.

In the 1980’s, high-dose chemotherapy (HDCT) with
autologous haematopoietic stem cell transplantation
was proposed for the treatment of high-risk paediatric
malignancies. In an effort to eradicate the disease, the
strategy was to use higher doses of chemotherapy than
those usually tolerated in order to kill residual tumour
cells in children in complete remission of a paediatric
malignancy with a high risk of relapse. At that time,
HDCT proved to be effective in children with non-
Hodgkin’s lymphomas, confirming the validity of the
dose-effect concept in these lymphoid diseases and argu-
ing in favour of more intensive first-line chemotherapy.
This strategy was further developed so successfully that
current curative treatment of B-cell or T-cell non-Hodg-
kin’s lymphomas no longer contains HDCT [5]. Neuro-
blastoma is a complex and heterogeneous disease that is
usually sensitive to cytotoxic chemotherapy, but chil-
dren with metastatic disease are at a very high risk of re-
lapse, even after a complete remission. HDCT has been
studied extensively in high-risk neuroblastoma, using
different doses and schedules of different anticancer drug
combinations [7-9]. HDCT can significantly improved
the prognosis for some children with high-risk neuro-
blastoma as shown in a large randomised study [10].
HDCT is a standard treatment for children in complete
or a very good partial remission of a high-risk neuro-
blastoma. However, the overall cure rate of 40% is still
unsatisfactory and new therapeutic strategies are ur-
gently needed.

HDCT proved to be effective in other chemosensitive
paediatric tumours such as medulloblastoma [11], but
was ineffective in chemo-resistant tumours such as
malignant glial tumours and ependymomas [12].

In general, conventional chemotherapy has succeeded
in greatly improving overall cure rates. for children with
malignancies. In addition, high-dose chemotherapy
proved to be effective in some high-risk chemosensitive
tumours, but reached its limits in chemoresistant tu-
mours. Even though more that 3 out of 4 children can
now be cured of their cancer with chemotherapy —
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containing multi-modality treatment, chemotherapy is
still an aggressive treatment with acute, chronic and
long-term side-effects that need to be continuously and
prospectively evaluated.

The challenges of the next decades are:

e to continue to improve the quality of life yet sustain
cure rate for children with a good prognosis
malignancy,

e to improve cure rates for children with a poor prog-
nosis malignancy.

3. New cytotoxic compounds

During the last 15 years of the 20th century, pharma-
ceutical companies continued to develop conventional
anticancer compounds for the treatment of adult can-
cers and several agents have been registered for use
against adult cancers or conditions related to cancer
(Table 1). Most of these compounds have also been eval-
uated in phase I and II trials in children, mainly in the
United States (US), since it is extremely difficult to ob-
tain new drugs for their evaluation in children in Eur-
ope. As a result, the paediatric information available
in the summary of product characteristics (SPC) is still
poor [13].

When these new cytotoxic drugs, usually used in
adults, were evaluated in children, some interesting
antitumour activities against paediatric malignancies
were demonstrated but no major breakthrough was ob-
served, unlike the results observed with imatinib mesy-
late (Glivec®) in CML in both adults and children. In
fact, no new cytotoxic anticancer drugs have been intro-
duced for treatment of paediatric malignancies since
carboplatin.

Taxoids are important anticancer drugs in adult
oncology. Paclitaxel (Taxol®) is available for the treat-
ment of ovarian cancer and breast cancer, whilst Docet-
axel (Taxotere®) is a major drug for breast cancer and
has recently showed activity in other tumours such as
carcinomas of the head and neck and prostate cancer.
Taxoids stabilise microtubules during mitosis in contrast
to the action of vinca alkaloids such as vincristine and
vinblastine, which inhibit tubulin polymerisation — the
initial step in mitotic spindle formation. In phase I stud-
ies, paclitaxel and docetaxel doses recommended in chil-
dren were shown to be equivalent to those applicable to
adults, with the same toxicity profile [14—17]. Toxicity of
both paclitaxel and the solvents required for its intrave-
nous (i.v.) formulation — ethanol and Cremophor EL
has been a limiting factor with the 3 h infusion [18].
Antitumour activity has been observed in phase I and
IT studies [19] in rhabdomyosarcoma, leukaemia and
medulloblastoma, but no clear phase II response rate

has been demonstrated and so far these taxoid com-
pounds have not proved to be of major importance for
paediatric malignancies. The resistance mechanisms ac-
quired during first-line treatments, through activation
of the multi-drug resistance phenotype are considered
responsible for the lack of response to these taxoid com-
pounds when evaluated in phase II in relapsed or refrac-
tory paediatric malignant diseases. Thus, for the time
being, taxoids are not recommended for use in children.

Temozolomide (Temodal®, Temodar®) a prodrug of
mitozolomide, has been registered for the treatment of
both malignant gliomas and melanoma in adults. Tem-
ozolomide was the first anticancer compound approved
in Europe for which paediatric data, from phase I study,
were available at the time of submission to the European
Medicines Evaluation Agency (EMEA). The recom-
mended dose and schedule of temozolomide proved to
be identical in children and in adults in phase I studies
conducted separately in the US and the United King-
dom (UK) [20,21]. Paediatric phase II trials revealed dis-
appointing activity in brain stem glioma and a low
response rate in hemispheric malignant gliomas [22].
Although no major response rate was observed, pro-
longed disease “‘stabilisation” did occur with a clear
improvement of the clinical status in some patients with
incurable brain tumours [23]. More recently, temozolo-
mide was suggested to have activity in medulloblastoma
[24] and low grade gliomas [25]. New schedules of
administration are under development. Therefore, temo-
zomolide seems to have an interesting potential in paedi-
atric malignancies, but its place has yet to be defined. It
should be borne in mind that temozolomide is a methy-
lating agent with, thus, a theoretical risk of secondary
leukaemia [26].

Camptothecins were identified in the late 1980’s as a
new category of anticancer compounds, namely DNA
topoisomerase 1 inhibitors. Two are currently available
worldwide: topotecan (Hycamtin®) for the treatment of
ovarian cancer and irinotecan (Campto®, Camptosar®)
for the treatment of colorectal cancer. Other topoiso-
merase 1 inhibitors, analogues of camptothecin or origi-
nal chemical compounds, are currently being developed.
A large topotecan and irinotecan development pro-
gramme has been conducted in the US, Europe and Ja-
pan, both at the preclinical and clinical levels in
children. Indeed, topoisomerase 1 is expressed in paedi-
atric malignancies, especially in neuroblastoma [27], and
preclinical evaluation of both topotecan and irinotecan
in paediatric tumour xenografts showed activity in neu-
roblastoma, rhabdomyosarcoma, hepatoblastoma,
medulloblastoma and primitive neuroectodermal tu-
mours (PNET) [28-37]. Topotecan was the first agent
used in a paediatric drug development programme and
more than 15 paediatric phase I studies of topotecan
have been conducted using it as a single agent or in
combination, and given intravenously or orally using



Table 1

Medicinal products for the treatment of cancer or a cancer-related conditions having received EU marketing authorisation

Product brand name (Inn) Company Therapeutic area indication Date of Paediatric data
notification in the SPC
Taxotere (docetaxel) Aventis Second-line treatment of breast tumours 29/11/1995 No
Fareston (toremifene) Orion Corporation Treatment of certain breast tumours 16/02/1996 No
Caelyx (doxorubicin) SP Europe AIDS-related Kaposi’s Sarcoma 25/06/1996 No
Destara; Bondronat Roche Registration Ltd. Hypercalcaemia of malignancy 27/06/1996 No
(ibandronic acid)
Hycamtin (topotecan) GlaxoSmithKline Treatment of metastatic ovary carcinoma 13/11/1996 No
Neorecormon (epoetin beta) Roche Registration Ltd. Treatment of anaemia 29/08/1997 Yes
Mabthera (rituximab) Roche Registration Ltd. Treatment of stage III-1V follicular lymphoma 26/06/1998 No
Temodal (temozolomide) SP Europe US Treatment of patients with recurrent malignant glioma 28/01/1999 Yes
Beromun (tasonermin) Boehringer Ingelheim Adjunct therapy to surgery for unresectable soft tissue 15/04/1999 No
International GmbH sarcoma of the limbs to prevent or delay amputation
Paxene (paclitaxel) Norton Health Care Ltd. Treatment of advanced AIDS-related Kaposi’s sarcoma 21/07/1999 No
Intron A (interferon alfa-2b) SP Europe Treatment of chronic hepatitis B and C, Hairy Cell 13/03/2000 No
Leukaemia, Chronic Myelogenous Leukaemia, Multiple
Myeloma, Follicular Lymphoma, Carcinoid Tumours and
Malignant Melanoma
Myocet (doxorubicin) Elan Pharma Treatment of metastatic breast cancer 26/07/2000 No
Internatioal Ltd.
Herceptin (trastuzumab) Roche Registration Ltd. Treatment of patients with metastatic breast cancer whose 04/09/2000 No
tumour overexpress HER2
Panretin (alitretinoin) Ligand Pharmaceuticals Topical treatment of cutaneous lesions in AIDS-related 18/10/2000 No
Ltd. Kaposi’s sarcoma
Xeloda (capecitabine) Roche Registration Ltd. Treatment of metastatic colorectal cancer 06/02/2001 No
Fasturtec (rasburicase) Sanofi Treatment of tumour-induced hyperuricaemia 02/02/2001 Yes
Zometa (zoledronic acid) Novartis Europharm Treatment of tumour-induced hypercalcaemia 20/03/2001 No
Ltd.
Nespo (darbepoetin alpha) Dompé Biotec S.p.A. Treatment of anaemia associated with chronic renal failure 26/06/2001 Yes
in adults and paediatric subjects >11 years. Treatment of
anaemia in adult cancer patients with non-myeloid
malignancies receiving chemotherapy
Aranesp (darbepoetin alpha) Amgen Europe Treatment of anaemia associated with chronic renal failure 26/06/2001 Yes
in adults and paediatric subjects >11 years. Treatment of
anaemia in adult cancer patients with non-myeloid
malignancies receiving chemotherapy
MabCampath (alemtuzumab) Millenium & Ilex UK Second-line treatment of chronic lymphocytic leukaemia 10/07/2001 No
Ltd.
Foscan (temporfin) Scotia Pharmaceuticals Treatment of squamous cell carcinoma of the head and 26/10/2001 No
neck
Glivec (imatinib mesylate) Novartis Europharm Treatment of patients with chronic myeloid leukemia 12/11/2001 Yes
Ltd. (CML)
Trisenox (arsenic trioxide) Cell Therapeutics (UK) Indicated for induction of remission and consolidation in 07/03/2002 Yes

Ltd.

adult patients with relapsed/refractory acute
promyelocytic leukaemia (APL)

(continued on next page)
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Table 1 (continued)

Paediatric data
in the SPC

No

Date of

Company Therapeutic area indication

Product brand name (Inn)

notification
22/08/2002
22/08/2002
25/07/2003

Reduction in the duration of neutropenia

Amgen Europe

Neulasta (pegfilgrastim)
Neupopeg (pegfilgrastim)

No

Reduction in the duration of neutropenia

Amgen Europe

No

Treatment prior to conventional haematopoietic

Pierre Fabre Medicament

Busilvex (Busulfan)

progenitor cell transplantation (HPCT) in adult patients

Prevention of acute and delayed nausea and vomiting

No

28/11/2003

Merck Sharp & Dome

Emend (aprepitant)

associated with highly emetogenic cisplatin-based cancer

chemotherapy

No

27/02/2004

Treatment of adult patients with rituximab

Schering AG

Zevalin (Ibirtumomab tiuxetan)

relapsed or refractory CD20+ follicular B-cell

non-Hodgkin’s lymphoma (NHL)
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Source: List of medicinal products with European Union marketing authorisation — status March 2004 http://www.emea.eu.int/pdfs/general/direct/listprod/868604.pdf Compounds authorised for the
diagnosis of cancer or cancer-related conditions were not considered. Other anticancer compounds, such as Camtpo® (irinotecan) or Navelbine® (navelbine) received marketing authorisation in

Europe during the same period. However, authorisation was obtained through mutual recognition, and they do not appear in the EMEA list of approved drugs.

SPC, summary of product characteristics.

different schedules. These studies showed that the rec-
ommended dose in children is schedule-dependent [38—
44]. Extending the administration of topotecan, which
has a short half-life, was shown to increase its activity
at the preclinical level [30]. Few single-agent phase II tri-
als of topotecan were performed in children [45-48], and
it was soon combined with cyclophosphamide [43,49]
and used to treat several tumours (Ewing’s tumours,
neuroblastoma and rhabdomyosarcoma).

Experience of the use of topotecan in rhabdomyosar-
coma was recently reviewed by Smith [50]. In phase I
single-agent studies, tumour responses were reported
in patients with relapsed rhabdomyosarcoma. Phase II
evaluation of single-agent topotecan in these patients
yielded a poor response rate, but the response rate was
nearly 40% in newly-diagnosed patients [48], and up to
60% of responses were reported when topotecan was
combined with cyclophosphamide, both in relapsed
and newly-diagnosed patients with rhabdomyosarcoma
[51]. This regimen, with vincristine, is currently being
evaluated in a randomised trial conducted by the Chil-
dren’s Oncology Group (COG). This trial will provide
an answer to the question: does topotecan, added to a
standard chemotherapy regimen, improve the survival
of patients with non-metastatic rhabdomyosarcoma?

Topotecan has also been evaluated in combination
with doxorubicin and cyclophosphamide in metastatic
neuroblastoma with a 64% response rate [9]. Whether
the addition of topotecan to first-line chemotherapy will
significantly increase the number of complete remissions
is an open question. More recently, topotecan whose
dose-limiting toxicity is to the bone marrow was studied
within high-dose combination regimens in children with
high-risk neuroblastoma [52].

The story of topotecan shows how difficult compre-
hensive drug development is in paediatric solid malig-
nancies. It raises a crucial question: what pre-requisites
need to be generated in early phase I and II trials so that
a new compound can be tested in a large randomised
trial to evaluate whether or not this new anticancer
drug, when added to standard treatment, can improve
the survival of children with cancer.

Irinotecan was developed in phase I trials in children
in the mid-1990’s and four different schedules were
evaluated in the US, Europe and Japan [53-56]. Interest-
ingly, only one schedule — administration every 3 weeks
— was the same as that used in adults, while the other
three schedules were never evaluated in adults before
being used in children. Irinotecan is a complex drug
which is metabolised through different pathways, includ-
ing carboxylesterase, UGT1A1l and cytochrome P450.
Interesting responses have been observed in phase I tri-
als in neuroblastoma, rhabdomyosarcoma, medulloblas-
toma and hepatoblastoma. Irinotecan was then
evaluated in phase II studies, either through trials open
to any tumour types, or focused on one disease. The
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development of irinotecan in paediatric malignancies is
less advanced than that of topotecan, in part due to
the gastrointestinal toxicity (diarrhoea) regularly ob-
served, whichever schedule is used.

Irinotecan has been explored in adults with malignant
glial brain tumours and partial response rates up to 15%
have been reported [57-60]. In addition, extensive phar-
macokinetic and metabolic studies have been performed
to define the interactions between irinotecan and anti-
convulsant drugs, as well as the optimal/recommended
dose of irinotecan when it is administered in this setting
[61,62]. Using preclinical data, a phase I study of irino-
tecan in combination with temozolomide was carried
out and recently reported [63].

Thus, topoisomerase 1 inhibitors are attractive drugs,
but definitive confirmation is needed to evaluate their
impact in the first-line therapy of paediatric malignan-
cies. Protracted administration seems to be particularly
relevant for this family of anticancer agents. Oral
administration of the i.v. forms of topotecan has been
evaluated, especially in children, although the i.v. form
did not appear to be suitable for oral administration be-
cause of the wide inter-patient variability [39,64,65].
This is an important area to explore further, and espe-
cially when new topoisomerase 1 inhibitors for oral
use become available.

4. Lessons for new drug development in children with
cancer

When we look back at the last two decades, several
summary statements can be made and lessons learned.

The first concerns ease of access to interesting new
agents. Access to new compounds developed by phar-
maceutical companies has been relatively straightfor-
ward in the US, mainly through National Cancer
Institute (NCI) sponsored programmes, while it has
been dramatically limited in Europe. One hopes that fu-
ture European Regulation — (European Parliament and
Council Regulation (EC) on Medicinal Products for Pae-
diatric Use) — will significantly change this situation. De-
spite the difficulty in obtaining new compounds, Europe
has developed expertise in the field [66]. There are re-
search labs and clinical teams, with experience in pre-
clinical evaluation and early drug development in
children. International cooperation should be sought
to avoid unnecessary duplication of early drug trials in
children with cancer.

The second point concerns the measurement of “re-
sponse”’. Paediatric oncologists are used to measuring
tumour response after two cycles of treatment. Such
was certainly the case in Burkitt’s lymphoma and neph-
roblastoma. Considering stable disease with no objective
shrinkage as a “failure”, they are eager to switch to
other treatment options. Expecting a rapid decline in tu-

mour volume at the time of diagnosis may be valid for
standard treatments, but the situation is different when
new drugs are being evaluated. Indeed, disease found
to be stable after two cycles of treatment with a new
drug has been shown to respond after further cycles of
the same treatment when the drug is continued. There-
fore, there is a novel proposal not to measure response
after two cycles in phase II trials, but rather to continue
the treatment until the best response is observed — with-
out imposing a time limit — and treatment only discon-
tinued in the event of disease progression. Criteria
used to “response’” and ‘‘non-response’ in paediatric
oncology should be re-addressed.

The third topical issue the consequence of the fact
that most children participating in phase I and II trials
have already received prolonged and aggressive cyto-
toxic chemotherapy regimens. The question is “What
must a new drug demonstrate for it to be considered
potentially interesting and for it to be legitimately com-
bined with standard treatments”? There are those who
still advocate conventional evaluation of new agents in
relapsed disease after initial treatment, whilst others fa-
vour its evaluation in newly-diagnosed patients before
standard treatments are administered (the so-called “up-
front window phase I1”’). Those holding the former view
may consider that a drug exhibiting activity in relapsed
disease after multiple treatments is potentially active
even if it fails to yield at least a 20% response rate — a
threshold regularly used in phase II trial — arguing that
this may indicate that cells exhibiting resistance to stan-
dard compounds are nevertheless sensitive to the new
agent. When the new drug is added to the standard
treatment, it may be therefore capable of Kkilling cells
that are refractory to conventional drugs.

Conversely, if the new treatment is administered in
newly-diagnosed patients when the tumour is chemo-
therapy-naive, high response rates (40-50%) may be ob-
served. Here the question is “Will the new agent be
capable of killing cells that other conventional drugs fail
to eradicate or will it simply demonstrate activity upon
cells that conventional drugs are already capable of
eliminating”?

Finally, it is clearly difficult to design and conduct a
development plan for an anticancer compound in paedi-
atric cancers. Indeed, randomised trials comparing a
new drug to standard treatment is neither feasible nor
ethical in most paediatric tumours except, perhaps,
brain stem tumours for which no curative treatment op-
tion currently exists. Adding the new compound to stan-
dard treatment and comparing this combination to the
standard treatment should help to determine the impact
of the new drug on survival. However, paediatric malig-
nancies are rare cancers; when a phase III trial is con-
ducted to answer a question, hundreds of patients are
needed in large cooperative trials requiring 5-10 years
of accrual. Thus, the rationale for undertaking such a
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phase III trial to evaluate a new compound should be
carefully assessed and extremely stringent criteria are
mandatory. Further, a new drug can be considered as
“salvage” or “palliative” treatment for patients whose
disease has relapsed.

In conclusion, unless a compound exhibits outstand-
ing activity, such as imatinib mesylate (Glivec®) in CML
developing an anticancer compound from phase I to
standard care in children is a long and difficult process
that requires strong networking activities and steady
international cooperation. Clearly, the know-how that
is serially acquired with cytotoxic compounds will assist
the development of the new anticancer agents of the
future.

5. New therapeutic strategies using “old” cytotoxic
compounds

During the last 20 years, new technologies for hae-
matopoietic cell rescue, including peripheral stem cell
collection, haematopoietic growth factors along with
the improvement of supportive care through effective
antimicrobial therapies, optimised transfusions and pain
relief have allowed clinicians to explore the dose-effect
concept, (i.e. increasing the dose beyond the conven-
tional recommended dose), for several anticancer com-
pounds in a variety of paediatric malignancies. The
strategy was to use HDCT in minimal residual disease
— as defined by a complete remisson — in order to try
to eradicate the remaining malignant cells with one
“shot” of therapy.

More recently, a new way to administer cytotoxic
chemotherapy called “metronomic chemotherapy” has
been developed. The concept is based on the use of pro-
tracted and continuous administration of cytotoxic com-
pounds at non-toxic doses. Such schedules were proven
highly effective in vivo in paediatric tumour xenografts
[67]. The hypothesis that cytotoxic agents could act like
anti-angiogenic agents was recently reviewed by Miller
in Ref. [68]. This effect was presumed to be related to
the presence of dividing endothelial cells, which may
be sensitive to conventional cytotoxic compounds, in
newly-forming tumour blood vessels. More recently,
Bocci showed that the anti-angiogenic effect of the pro-
tracted administration of low-dose cyclophosphamide
was abolished in thrombospondin-1 (TSP1)-deficient
mice [69]. TSP1, a highly specific and potent endogenous
inhibitor of angiogenesis, may therefore be a mediator
of the anti-angiogenic effects of protracted low-dose
chemotherapy.

Preliminary experience in children is encouraging and
“metronomic therapy”” might be a new way to consider
treating residual disease. Indeed, experience with pro-
longed treatments in paediatric malignancies is worth
analysing. So-called “maintenance therapy” is well

known to play a critical role in the cure of children with
acute lymphoblastic leukaemias. However, to date, no
evidence has been generated about the use of prolonged
treatment, like this, in solid tumours. Recently, pro-
longed courses of non-intensive chemotherapy have
proved to be effective in low-grade gliomas [70]. With re-
spect to the growth of solid tumours, it is well estab-
lished that a blood supply and new vessels are
essential for the growth of a solid tumour that exceed
2 mm in size. This is also a strong rationale for consid-
ering anti-angiogenic therapy for high-risk solid tu-
mours in complete remission in order to eradicate or
control the growth of residual malignant cells. “Metro-
nomic therapy’’ might be a way of evaluating the role of
this form of prolonged therapy in malignant paediatric
solid tumours.

Finally, efforts are being expended to improve drug
delivery to the tumour rather than to normal tissues.
This may lead to better-controlled toxicity and to an in-
crease in the antitumour effects. For example, the liposo-
mal formulation of amphotericin has significantly
improved its therapeutic/toxic ratio. On the other hand,
liposomal formulations of cytotoxic compounds have so
far not resulted in compounds which are significantly
more active and/or less toxic. Liposome-encapsulated
daunorubicin, for example, has not significantly reduced
the risk of cardiac toxicity. New ‘“‘vectorisation” pro-
cesses are being explored extensively, especially those
using “‘nanospheres’ [71]. This is a particularly interest-
ing approach, considering the possible immunotargeting
of these drug vehicles in order to modify drug distribu-
tion, and thus tolerance and efficacy. This is an active
domain of drug research that may provide paediatric
oncology with more specific cytotoxic compounds in
the future.

6. Compounds with new mechanisms of action

Whilst the concept of tumour eradication through
intensive chemotherapy may have reached its limits in
poorly chemosensitive high-risk tumours in children,
new strategies are worth considering. The challenge is
either to control or to eradicate minimal residual dis-
ease, once complete remission has been achieved. There
are two ways to attain these goals: either killing the cells
or preventing them from entering the cell cycle and from
proliferating.

Differentiation is a physiological status during which
the cell is, out of the cell cycle, in G0. Terminal differen-
tiation is physiologically characteristic of normal tissues.
In other circumstances, differentiation is not terminal
and cells can re-enter the cell cycle when needed. Induc-
ing differentiation of minimal residual disease might
prove effective therapy in children in complete remis-
sion. The first significant example of this type of drugs
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was provided by retinoic acid in high-risk neuroblas-
toma [72]. All trans-retinoic acid proved to be highly
effective in promyelocytic leukaemias by inducing differ-
entiation of promyelocyte blasts, although relapses were
observed in adults. Retinoids are also in use in adult
head and neck cancer for chemoprevention of relapses.

Immature malignant neuroblasts can be made to dif-
ferentiate in vitro under the action of several chemicals
including retinoic acid (RA). This was the rationale
for the development of retinoic acid for the treatment
of neuroblastoma. A phase I study defined a dose of
13-cis-RA, which was tolerable in patients after
myeloablative therapy [73], but it failed to achieve par-
tial and complete remission in patients with a measur-
able tumour. Then, a phase III trial showed that
post-consolidation therapy with 13-cis-RA improved
event-free survival (EFS) for patients with high-risk neu-
roblastoma [10]. Several other differentiating therapies,
including fenretinide, are being investigated as more
effective therapy, especially in patients whose tumour
is resistant to RA [74]. In addition, the fact that first-line
cytotoxic chemotherapy induces differentiation of neu-
roblastoma, as observed on surgical specimens, is worth
considering. Recently, we showed that irinotecan in-
duces reversible differentiation in neuroblastoma xeno-
grafts [75], suggesting that cytotoxic chemotherapy
may also exhibit new cytostatic properties when used
at low doses on protracted schedules.

This example shows that strong preclinical evaluation
may lead to short-track clinical development from phase
I directly to phase III trials. This is an example to bear in
mind when considering how to evaluate new compounds
with new mechanisms of action in children with malig-
nancies. Indeed, many new compounds that interfere
with angiogenesis or signal transduction or apoptosis
will be available in the future. It is unlikely that most
of them will yield such an outstanding tumour response
as that observed with imatinib mesylate (Glivec®) in
CML or GIST [76], but some may prove to be potent
anticancer compounds when combined with “conven-
tional” cytotoxic agents. For example, imatinib mesy-
late (Glivec®) was recently shown to enhance the effect
of ionising radiation, to sensitise resistant cells to topo-
tecan and SN38 [77], and to inhibit the growth of human
neuroblastoma xenografts with a reduction of vascular
endothelial growth factor (VEGF) expression [78].

7. Improved understanding of inter-patient variability in
tumour response and toxicity

Although, currently-established regimens often cure
children with cancer, some patients fail initial therapies
whose efficacy is proven or experience unpredicted se-
vere toxicity that jeopardises further administration of
an effective treatment. During the last 30 years or so,

several teams have explored the relationship between
exposure to the cytotoxic agents used and unexpected
results like these. There are a few examples which sug-
gest that systematic anticancer drug monitoring aimed
at reducing inter-patient variability in systemic exposure
may improve tolerance, although an impact on survival
has not been demonstrated [79]. We now have evidence
that variability in drug response may be genetically
determined both in the tumour and by the patient’s ge-
netic heritage [80]. It is now established, for example,
that children with a thiopurine S-methyltransferase
(TPMT) deficiency are at risk of severe toxicity when
they are given oral mercaptopurine for the “‘continuing
treatment” of ALL [81]. Patients with CML carrying a
methylenetetrahydrofolate reductase (MTHFR) mu-
tated genotype are at risk of oral mucositis during
high-dose chemotherapy and allogeneic haematopoietic
stem cell transplantation [82]. Moreover, the MTHFR
genotype may be associated with a poorer outcome than
average in children with ALL [83]. More recently, the
potential role of an MDR1 polymorphism in anticancer
drug disposition in humans has been highlighted [84].
The development of high-throughput sequencing tech-
nologies will improve significantly the capacity to dis-
cover single nucleotide polymorphisms that may be
involved in response to anticancer drugs. We will need
to demonstrate whether adaptation of the chemotherapy
schedule to the genetic information carried by patients is
able or unable to improve their outcome.

If the constitutional genetic information in each indi-
vidual can influence drug disposition and toxicity, the
genetic information contained in the primary tumour
and metastasis may also influence tumour response
and patient outcome when chemotherapy is used. Breast
cancer is already a case in point. Indeed, a tumour gene-
expression profile at diagnosis may efficiently predict the
outcome of women with a localised breast cancer treated
by surgery and radiotherapy without chemotherapy [85].
If this observation is confirmed in a prospective study,
anthracycline-containing adjuvant chemotherapy could
be recommended only to patients at risk of metastasis,
while patients with a “good prognosis” tumour genetic
profile can be spared this chemotherapy. There are
numerous circumstances in paediatric oncology where
the identification of the gene-expression profile of a tu-
mour at diagnosis may help to identify both those pa-
tients requiring the standard treatment and those in
need of a different approach. Osteosarcoma, where the
degree of tumour response to first-line chemotherapy
has a prognostic value, is a case in point.

Thus, in children as well as in adults, structural and
functional genomics will undoubtedly contribute to a
better understanding of interpatient variability in re-
sponse to drugs, and thus help us to predict toxicity,
outcome and to adapt current treatments using antican-
cer chemotherapy. In this respect, genomics could be
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viewed as a driving force pushing cytotoxic chemother-
apy beyond its present limits.

8. Conclusions

During the last two decades of the 20th century, more
intensive use of cytotoxic chemotherapy contributed to
the striking increase in survival rates of several chemo-
sensitive paediatric malignancies. However, progress
has recently slowed down and several refractory diseases
remain a difficult challenge for the coming years. This
begs the question “Has chemotherapy reached its lim-
its?”’. My belief is that it has not because there are
now numerous new opportunities to improve the treat-
ment of children with cancer even further. The use of
genomics and protenomics will hopefully help to iden-
tify patients who are likely to benefit from a conven-
tional treatment and those requiring innovative
treatment options. The development of new anticancer
drugs, to be used in combination with cytotoxic chemo-
therapy also has huge potential. Although ‘targeted’
compounds are very attractive to the entire oncology
community, there is still a place for new ‘conventional’
cytotoxic agents. One may recall that the discovery
and development of cisplatin has dramatically improve
cure rates for patients with testicular and ovarian can-
cer, and for children with malignancies.

The central question is how to select from the wide
range of new compounds whose development is in the
offing — be they targeted or not, old-fashioned or not —
those that deserve to be developed for paediatric can-
cers? In other words, how can we accelerate the drug
evaluation process in children and how can we increase
a child’s chances of receiving a potentially active drug
for his/her disease? Even though all pre-clinical models
have their limits in predicting activity in humans, we will
still need to rely on more straightforward and systematic
preclinical evaluation to achieve this goal. Strong net-
working activities and cooperation on an international
scale will also be needed in order to optimise the drug
development process in children with cancer so that
unnecessarily duplicated studies are strictly avoided
and so that each child in Europe has a chance to have
access to new treatments if he or she needs it.

Conflict of interest statement

None declared.

Acknowledgement

Many thanks to Ms. Lorna Saint-Ange for editing.

References

. Teicher BA. Anticancer drug development guide: preclinical

screening, clinical trials and approval. Totowa, New Jersy, Hu-
mana Press, 1997.

Hryniuk WM. More is better. J Clin Oncol 1988, 6, 1365-1367.
Hryniuk WM. Is more better?. J Clin Oncol 1986, 4, 621-622.
Norton L. Evolving concepts in the systemic drug therapy of
breast cancer. Semin Oncol 1997, 24, S10-S10.

Patte C, Auperin A, Michon J, Behrendt H, Leverger G,
Frappaz D, et al. The Societe Francaise d’Oncologie Pediatri-
que LMBS89 protocol: highly effective multiagent chemotherapy
tailored to the tumor burden and initial response in 561
unselected children with B-cell lymphomas and L3 leukemia.
Blood 2001, 97, 3370-3379.

Gatta G, Capocaccia R, De Angelis R, Stiller C, Coebergh JW.
Cancer survival in European adolescents and young adults. Eur J
Cancer 2003, 39, 2600-2610.

Kletzel M, Abella EM, Sandler ES, Williams LL, Ogden AK,
Pollock BH, et al. Thiotepa and cyclophosphamide with stem cell
rescue for consolidation therapy for children with high-risk
neuroblastoma: a phase I/II study of the pediatric blood and
marrow transplant consortium. J Pediatr Hematol Oncol 1998, 20,
49-54.

Valteau-Couanet D, Benhamou E, Vassal G, Stambouli F,
Lapierre V, Couanet D, et al. Consolidation with a busulfan-
containing regimen followed by stem cell transplantation in
infants with poor prognosis stage 4 neuroblastoma. Bone Marrow
Transpl 2000, 25, 937-942.

. Garaventa A, Luksch R, Biasotti S, Severi G, Pizzitola MR,

Viscardi E, et al. A phase II study of topotecan with vincristine
and doxorubicin in children with recurrent/refractory neuroblas-
toma. Cancer 2003, 98, 2488-2494.

Matthay KK, Villablanca JG, Seeger RC, Stram DO, Harris RE,
Ramsay NK, et al. Treatment of high-risk neuroblastoma with
intensive chemotherapy, radiotherapy, autologous bone marrow
transplantation, and 13-cis-retinoic acid. Children’s Cancer
Group. N Engl J Med 1999, 341, 1165-1173.

. Dupuis-Girod S, Hartmann O, Benhamou E, Doz F, Mechinaud

E, Bouffet E, er al. Will high dose chemotherapy followed by
autologous bone marrow transplantation supplant cranio-spinal
irradiation in young children treated for medulloblastoma?. J
Neuro-oncol 1996, 27, 87-98.

Kalifa C, Valteau D, Pizer B, Vassal G, Grill J, Hartmann O.
High-dose chemotherapy in childhood brain tumours. Childs Nerv
Syst 1999, 15, 498-505.

Thouvenel C, Geny MS, Demirdjian S, Vassal G. Statutory
pediatric informations available for anticancer drugs: inventory
and proposals. Arch Pediatr 2002, 9, 685-693.

Hurwitz CA, Relling MV, Weitman SD, Ravindranath Y, Vietti
DR, Strother DR, et al. Phase I trial of paclitaxel in children with
refractory solid tumors: a pediatric oncology group study. J Clin
Oncol 1993, 11, 2324-2329.

Hayashi RJ, Blaney S, Sullivan J, Weitman S, Vietti T, Bernstein
ML. Phase | study of Paclitaxel administered twice weekly to
children with refractory solid tumors: a Pediatric Oncology Group
Study. J Pediatr Hematol Oncol 2003, 25, 539-542.

Blaney SM, Seibel NL, O’Brien M, Reaman GH, Berg SL,
Adamson PC, et al. Phase 1 trial of docetaxel administered as a
I-hour infusion in children with refractory solid tumors: a
collaborative pediatric branch, National Cancer Institute and
Children’s Cancer Group trial. J Clin Oncol 1997, 15,
1538-1543.

Seibel NL, Blaney SM, O’Brien M, Krailo M, Hutchinson R,
Mosher RB, et al. Phase I trial of docetaxel with filgrastim
support in pediatric patients with refractory solid tumors: a



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

G. Vassal | European Journal of Cancer 41 (2005) 564-575 573

collaborative Pediatric Oncology Branch, National Cancer Insti-
tute and Children’s Cancer Group trial. Clin Cancer Res 1999, S,
733-737.

Doz F, Gentet JC, Pein F, Frappaz D, Chastagner P, Moretti S,
et al. Phase 1 trial and pharmacological study of a 3-hour
paclitaxel infusion in children with refractory solid tumours: a
SFOP study. Br J Cancer 2001, 84, 604-610.

Hurwitz CA, Strauss LC, Kepner J, Kretschmar C, Harris MB,
Friedman H, et al. Paclitaxel for the treatment of progressive or
recurrent childhood brain tumors: a Pediatric Oncology Phase 11
Study. J Pediatr Hematol Oncol 2001, 23, 277-281.

Estlin EJ, Lashford L, Ablett S, Price L, Gowing R, Gholkar A,
et al. Phase I study of temozolomide in paediatric patients with
advanced cancer. United Kingdom Children’s Cancer Study
Group. Br J Cancer 1998, 78, 652-661.

Nicholson HS, Krailo M, Ames MM, Seibel NL, Reid JM,
Liu-Mares W, et al. Phase 1 study of temozolomide in
children and adolescents with recurrent solid tumors: a report
from the Children’s Cancer Group. J Clin Oncol 1998, 16,
3037-3043.

Lashford LS, Thiesse P, Jouvet A, Jaspan T, Couanet D, Griffiths
PD, et al. Temozolomide in malignant gliomas of childhood: a
United Kingdom Children’s Cancer Study Group and French
Society for Pediatric Oncology Intergroup Study. J Clin Oncol
2002, 20, 4684-4691.

Verschuur AC, Grill J, Lellouch-Tubiana A, Couanet D, Kalifa C,
Vassal G. Temozolomide in paediatric high grade glioma: a key
for combination therapy. Br J Cancer 2004, 91, 425-429.
Hongeng S, Visudtibhan A, Dhanachai M, Laothamatus J,
Chiamchanya S. Treatment of leptomeningeal relapse of medul-
loblastoma with temozolomide. J Pediatr Hematol Oncol 2002, 24,
591-593.

Kuo DJ, Weiner HL, Wisoff J, Miller DC, Knopp EA, Finlay
JL. Temozolomide is active in childhood, progressive, unresec-
table, low-grade gliomas. J Pediatr Hematol Oncol 2003, 25,
372-378.

Brown P, Buckner J. Temozolomide: too early for definitive
conclusions. J Clin Oncol 2003, 21, 3710.

Vassal G, Pondarre C, Cappelli C, Terrier-Lacombe MJ,
Boland I, Morizet J, et al. DNA-topoisomerase I, a new target
for the treatment of neuroblastoma. Eur J Cancer 1997, 33,
2011-2015.

Friedman HS, Houghton PJ, Schold SC, Keir S, Bigner
DD. Activity of 9-dimethylaminomethyl-10-hydroxycampto-
thecin against pediatric and adult central nervous system
tumor xenografts. Cancer Chemother Pharmacol 1994, 34,
171-174.

Houghton PJ, Cheshire PJ, Hallman JC, Bissery MC, Mathieu-
Boue A, Houghton JA. Therapeutic efficacy of the topoisomerase
I inhibitor 7-ethyl-10-(4-[1-piperidino]-1-piperidino)-carbonyloxy-
camptothecin against human tumor xenografts: lack of cross-
resistance in vivo in tumors with acquired resistance to the
topoisomerase 1 inhibitor 9-dimethylaminomethyl-10-hydroxy-
camptothecin. Cancer Res 1993, 53, 2823-2829.

Houghton PJ, Cheshire PJ, Hallman JD, Lutz L, Friedman HS,
Danks MK, et al. Efficacy of topoisomerase I inhibitors, topo-
tecan and irinotecan, administered at low dose levels in protracted
schedules to mice bearing xenografts of human tumors. Cancer
Chemother Pharmacol 1995, 36, 393-403.

Pawlik CA, Houghton PJ, Stewart CF, Cheshire PJ, Richmond
MK, Danks MK. Effective schedules of exposure of medullo-
blastoma and rhabdomyosarcoma xenografts to topotecan
correlate with in vitro assays. Clin Cancer Res 1998, 4,
1995-2002.

Thompson J, George EO, Poquette CA, Cheshire PJ, Richmond
SS, de Graaf SS, er al. Synergy of topotecan in combination with

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

vincristine for treatment of pediatric solid tumor xenografts. Clin
Cancer Res 1999, 5, 3617-3631.

Thompson J, Zamboni WC, Cheshire PJ, Lutz L, Luo X, Li Y,
et al. Efficacy of systemic administration of irinotecan against
neuroblastoma xenografts. Clin Cancer Res 1997, 3, 423-431.
Coggins CA, Elion GB, Houghton PJ, Hare CB, Keir S, Colvin
OM, et al. Enhancement of irinotecan (CPT-11) activity against
central nervous system tumor xenografts by alkylating agents.
Cancer Chemother Pharmacol 1998, 41, 485-490.

Vassal G, Boland I, Santos A, Bissery MC, Terrier-Lacombe M1J,
Morizet J, et al. Potent therapeutic activity of irinotecan (CPT-
11) and its schedule dependency in medulloblastoma xenografts in
nude mice. Int J Cancer 1997, 73, 156-163.

Vassal G, Terrier-Lacombe MJ, Bissery MC, Venuat AM,
Gyergyay F, Benard J, et al. Therapeutic activity of CPT-11, a
DNA-topoisomerase 1 inhibitor, against peripheral primitive
neuroectodermal tumour and neuroblastoma xenografts. Br J
Cancer 1996, 74, 537-545.

Warmann SW, Fuchs J, Wilkens L, Gratz KF, von Schweinitz D,
Mildenberger H. Successful therapy of subcutaneously growing
human hepatoblastoma xenografts with topotecan. Med Pediatr
Oncol 2001, 37, 449-454.

Blaney SM, Balis FM, Cole DE, Craig C, Reid JM, Ames MM,
et al. Pediatric phase 1 trial and pharmacokinetic study of
topotecan administered as a 24-hour continuous infusion. Cancer
Res 1993, 53, 1032-1036.

Daw NC, Santana VM, Iacono LC, Furman WL, Hawkins DR,
Houghton PJ, er al. Phase 1 and pharmacokinetic study of
topotecan administered orally once daily for 5 days for 2
consecutive weeks to pediatric patients with refractory solid
tumors. J Clin Oncol 2004, 22, 829-837.

Frangoul H, Ames MM, Mosher RB, Reid JM, Krailo MD,
Seibel NL, et al. Phase I study of topotecan administered as a 21-
day continous infusion in children with recurrent solid tumors: a
report from the Children’s Cancer Group. Clin Cancer Res 1999,
5, 3956-3962.

Furman WL, Baker SD, Pratt CB, Rivera GK, Evans WE,
Stewart CF. Escalating systemic exposure of continuous infusion
topotecan in children with recurrent acute leukemia. J Clin Oncol
1996, 14, 1504-1511.

Pratt CB, Stewart C, Santana VM, Bowman L, Furman W, Ochs
J, et al. Phase 1 study of topotecan for pediatric patients with
malignant solid tumors. J Clin Oncol 1994, 12, 539-543.

Saylors IIT RL, Stewart CF, Zamboni WC, Wall DA, Bell B, Stine
KC, et al. Phase 1 study of topotecan in combination with
cyclophosphamide in pediatric patients with malignant solid
tumors: a Pediatric Oncology Group Study. J Clin Oncol 1998,
16, 945-952.

Tubergen DG, Stewart CF, Pratt CB, Zamboni WC, Winick N,
Santana VM, et al. Phase I trial and pharmacokinetic (PK) and
pharmacodynamics (PD) study of topotecan using a five-day course
in children with refractory solid tumors: a Pediatric Oncology
Group Study. J Pediatr Hematol Oncol 1996, 18, 352-361.

Blaney SM, Needle MN, Gillespie A, Sato JK, Reaman GH, Berg
SL, et al. Phase II trial of topotecan administered as 72-hour
continuous infusion in children with refractory solid tumors: a
collaborative Pediatric Branch, National Cancer Institute, and
Children’s Cancer Group Study. Clin Cancer Res 1998, 4,
357-360.

Blaney SM, Phillips PC, Packer RJ, Heideman RL, Berg SL,
Adamson PC, ez al. Phase II evaluation of topotecan for pediatric
central nervous system tumors. Cancer 1996, 78, 527-531.
Nitschke R, Parkhurst J, Sullivan J, Harris MB, Bernstein M,
Pratt C. Topotecan in pediatric patients with recurrent and
progressive solid tumors: a Pediatric Oncology Group phase 11
study. J Pediatr Hematol Oncol 1998, 20, 315-318.



574

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

G. Vassal | European Journal of Cancer 41 (2005) 564-575

Pappo AS, Lyden E, Breneman J, Wiener E, Teot L, Meza J,
et al. Up-front window trial of topotecan in previously untreated
children and adolescents with metastatic rhabdomyosarcoma: an
intergroup rhabdomyosarcoma study. J Clin Oncol 2001, 19,
213-219.

Saylors III RL, Stine KC, Sullivan J, Kepner JL, Wall DA,
Bernstein ML, et al. Cyclophosphamide plus topotecan in
children with recurrent or refractory solid tumors: a Pediatric
Oncology Group phase II study. J Clin Oncol 2001, 19,
3463-3469.

Smith MA, Anderson BD. A window on reality?. J Clin Oncol
2004, 22, 1360-1362.

Walterhouse DO, Lyden ER, Breitfeld PP, Qualman SJ, Wharam
WH, Meyer WH. Efficacy of topotecan and cyclophosphamide
given in a phase II window trial in children with newly diagnosed
metastatic rthabdomyosarcoma: a Children’s Oncology Group
study. J Clin Oncol 2004, 22, 1398-1403.

Kushner BH, Cheung NK, Kramer K, Dunkel 1J, Calleja E,
Boulad F. Topotecan combined with myeloablative doses of
thiotepa and carboplatin for neuroblastoma, brain tumors, and
other poor-risk solid tumors in children and young adults. Bone
Marrow Transpl 2001, 28, 551-556.

Blaney S, Berg SL, Pratt C, Weitman S, Sullivan J, Luchtman-
Jones L, et al. A phase I study of irinotecan in pediatric patients:
a Pediatric Oncology Group Study. Clin Cancer Res 2001, 7,
32-37.

Furman WL, Stewart CF, Poquette CA, Pratt CB, Santana VM,
Zamboni WC, et al. Direct translation of a protracted irinotecan
schedule from a xenograft model to a phase I trial in children. J
Clin Oncol 1999, 17, 1815-1824.

Mugishima H, Matsunaga T, Yagi K, Asami K, Mimaya J, Suita
S, et al. Phase I study of irinotecan in pediatric patients with
malignant solid tumors. J Pediatr Hematol Oncol 2002, 24,
94-100.

Vassal G, Doz F, Frappaz D, Imadalou K, Sicard E, Santos A,
et al. A phase I study of irinotecan as a 3-week schedule in
children with refractory or recurrent solid tumors. J Clin Oncol
2003, 21, 3844-3852.

Buckner JC, Reid JM, Wright K, Kaufmann SH, Erlichman C,
Ames M, et al. Irinotecan in the treatment of glioma patients:
current and future studies of the North Central Cancer Treatment
Group. Cancer 2003, 97, 2352-2358.

Cloughesy TF, Filka E, Kuhn J, Nelson G, Kabbinavar F,
Friedman H, et al. Two studies evaluating irinotecan treatment
for recurrent malignant glioma using an every-3-week regimen.
Cancer 2003, 97, 2381-2386.

Friedman HS, Petros WP, Friedman AH, Schaaf LJ, Kerby T,
Lawyer J, et al. Irinotecan therapy in adults with recurrent or
progressive malignant glioma. J Clin  Oncol 1999, 17,
1516-1525.

Raymond E, Fabbro M, Boige V, Rixe O, Frenay M, Vassal G,
et al. Multicentre phase 11 study and pharmacokinetic analysis of
irinotecan in chemotherapy-naive patients with glioblastoma. Ann
Oncol 2003, 14, 603-614.

Crews KR, Stewart CF, Jones-Wallace D, Thompson SJ,
Houghton PJ, Heideman RL, et al. Altered irinotecan pharma-
cokinetics in pediatric high-grade glioma patients receiving
enzyme-inducing anticonvulsant therapy. Clin Cancer Res 2002,
8, 2202-2209.

Kuhn JG. Influence of anticonvulsants on the metabolism and
elimination of irinotecan. A North American Brain Tumor
Consortium preliminary report. Oncology (Huntingt) 2002, 16,
33-40.

Wagner LM, Crews KR, ITacono LC, Houghton PJ, Fuller CE,
McCarville MB, et al. Phase 1 trial of temozolomide and
protracted irinotecan in pediatric patients with refractory solid
tumors. Clin Cancer Res 2004, 10, 840-848.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Zamboni WC, Bowman LC, Tan M, Santana VM, Houghton PJ,
Meyer WH, et al. Interpatient variability in bioavailability of the
intravenous formulation of topotecan given orally to children with
recurrent solid tumors. Cancer Chemother Pharmacol 1999, 43,
454-460.

Bowers DC, Aquino VM, Leavey PJ, Bash RO, Journeycake JM,
Tomlinson G, et al. Phase I study of oral cyclophosphamide and
oral topotecan for children with recurrent or refractory solid
tumors. Pediatr Blood Cancer 2004, 42, 93-98.

Ablett S, Doz F, Morland B, Vassal G. European collaboration in
trials of new agents for children with cancer. Eur J Cancer 2004,
40, 1886-1892.

Klement G, Baruchel S, Rak J, Man S, Clark K, Hicklin DJ, et al.
Continuous low-dose therapy with vinblastine and VEGF recep-
tor-2 antibody induces sustained tumor regression without overt
toxicity. J Clin Invest 2000, 105, R15-R24.

Miller KD, Sweeney CJ, Sledge Jr GW. Redefining the target:
chemotherapeutics as antiangiogenics. J Clin Oncol 2001, 19,
1195-1206.

Bocci G, Francia G, Man S, Lawler J, Kerbel RS. Thrombo-
spondinl, a mediator of the anti-angiogenic effects of low-dose
metronomic chemotherapy. Proc Natl Acad Sci USA 2003, 100,
12917-12922.

Laithier V, Grill J, Le Deley MC, Ruchoux MM, Couanet D, Doz
F, et al. Progression-free survival in children with optic pathway
tumors: dependence on age and the quality of the response to
chemotherapy-results of the first French prospective study for the
French Society of Pediatric Oncology. J Clin Oncol 2003, 21,
4572-4578.

Brigger I, Dubernet C, Couvreur P. Nanoparticles in cancer
therapy and diagnosis. Adv Drug Deliv Rev 2002, 54, 631-651.
Reynolds CP, Lemons RS. Retinoid therapy of childhood cancer.
Hematol Oncol Clin North Am 2001, 15, 867-910.

Villablanca JG, Khan AA, Avramis VI, Seeger RC, Matthay KK,
Ramsay NK, et al. Phase I trial of 13-cis-retinoic acid in children
with neuroblastoma following bone marrow transplantation. J
Clin Oncol 1995, 13, 894-901.

Garaventa A, Luksch R, Lo Piccolo MS, Cavadini E, Montaldo
MR, Pizzitola MR, et al. Phase I trial and pharmacokinetics of
fenretinide in children with neuroblastoma. Clin Cancer Res 2003,
9, 2032-2039.

Santos A, Calvet L, Terrier-Lacombe MJ, Larsen AK, Benard J,
Pondarre C, et al. In vivo treatment with CPT-11 leads to
differentiation of neuroblastoma xenografts and toposiomerase I
alterations. Cancer Res 2004, 64, 3223-3229.

Capdeville R, Silberman S, Dimitrijevic S. Imatinib: the first 3
years. Eur J Cancer 2002, 38(Suppl 5), S77-S82.

Houghton PJ, Germain GS, Harwood FC, Schuetz JD,
Stewart CF, Buchdunger E, et al. Imatinib mesylate is a
potent inhibitor of the ABCG2 (BCRP) transporter and
reverses resistance to topotecan and SN-38 in vitro. Cancer
Res 2004, 64, 2333-2337.

Beppu K, Jaboine J, Merchant MS, Mackall CL, Thiele CJ. Effect
of imatinib mesylate on neuroblastoma tumorigenesis and vascu-
lar endothelial growth factor expression. J Natl Cancer Inst 2004,
96, 46-55.

Schmiegelow K, Bjork O, Glomstein A, Gustafsson G, Keiding N,
Kristinsson J, et al. Intensification of mercaptopurine/methotrex-
ate maintenance chemotherapy may increase the risk of relapse for
some children with acute lymphoblastic leukemia. J Clin Oncol
2003, 21, 1332-1339.

Relling MV, Dervieux T. Pharmacogenetics and cancer therapy.
Nat Rev Cancer 2001, 1, 99-108.

Relling MV, Hancock ML, Rivera GK, Sandlund JT, Ribeiro RC,
Krynetski EY, et al. Mercaptopurine therapy intolerance and
heterozygosity at the thiopurine S-methyltransferase gene locus. J
Natl Cancer Inst 1999, 91, 2001-2008.



G. Vassal | European Journal of Cancer 41 (2005) 564-575 575

82. Robien K, Schubert MM, Bruemmer B, Lloid ME, Potter JD,

83.

Ulrich CM. Predictors of oral mucositis in patients receiving
hematopoietic cell transplants for chronic myelogenous leukemia.
J Clin Oncol 2004, 22, 1268-1275.

Krajinovic M, Lemieux-Blanchard E, Chiasson S, Primeau M,
Costea I, Moghrabi A. Role of polymorphisms in MTHFR and
MTHFDI genes in the outcome of childhood acute lymphoblastic
leukemia. Pharmacogenomics J 2004, 4, 66-72.

84. Kishi S, Yang W, Boureau B, Morand S, Das S, Chen P, er al.

85.

Effects of prednisone and genetic polymorphisms on etoposide
disposition in children with acute lymphoblastic leukemia. Blood
2004, 103, 67-72.

van de Vijver MJ, He YD, van’t Veer LJ, Dai H, Hart AA,
Voskuil DW, et al. A gene-expression signature as a predictor
of survival in breast cancer. N Engl J Med 2002, 347,
1999-2009.



	Has chemotherapy reached its limits in pediatric cancers?
	Introduction
	Cytotoxic chemotherapy has significantly improved cure rates
	New cytotoxic compounds
	Lessons for new drug development in children with cancer
	New therapeutic strategies using  ldquo old rdquo  cytotoxic compounds
	Compounds with new mechanisms of action
	Improved understanding of inter-patient variability in tumour response and toxicity
	Conclusions
	Conflict of interest statement
	Acknowledgement
	References


