EUROPEAN JOURNAL OF CANCER

4 2 ( 2 0 0 6 ) 8 6 4 –8 7 0

available at www.sciencedirect.com

journal homepage: www.ejconline.com

Selective kinase inhibition with daily imatinib
intensifies toxicity of chemotherapy in patients with solid
tumours
Suzanne George*, Jayesh Desai, J. Paul Eder, Judith Manola, David P. Ryan,
Leonard J. Appleman, George D. Demetri
Dana-Farber Cancer Institute, Massachusetts General Hospital, Ludwig Center for Cancer Research at Dana-Farber/Harvard,
Harvard Medical School, Boston, MA, United States

A R T I C L E I N F O

A B S T R A C T

Article history:

The aim of this study was to determine the safety and maximum-tolerated doses of imati-

Received 4 December 2005

nib combined with cytotoxic chemotherapy (either gemcitabine or doxorubicin). Patients

Accepted 6 December 2005
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imatinib with chemotherapy (imatinib + gemcitabine or imatinib + doxorubicin). A standard modified Fibonacci inter-cohort dose escalation was planned for each combination.
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rate cohort of nine patients received imatinib and doxorubicin. In both groups, dose-limit-
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ing toxicity (DLT) was observed at the initial dose level requiring dose reductions for
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subsequent cohorts. Further DLTs were observed necessitating closure of the protocol.

Chemotherapy

Daily dosing of imatinib with concurrent administration of cytotoxic chemotherapy (either
gemcitabine or doxorubicin) at standard doses was associated with toxicity that was clinically unacceptable. It remains unclear whether addition of growth factors might improve
tolerability for imatininb in combination with cytotoxic chemotherapy.
 2006 Elsevier Ltd. All rights reserved.

1.

Introduction

Despite the development of newer molecular targeted approaches to cancer therapy, cytotoxic chemotherapy remains
a major modality for treatment of patients with common solid tumours. Emergence of resistance to these drugs remains
a common problem and limits the effectiveness of chemotherapy. A number of mechanisms underlying chemoresistance have been proposed, including the development of
genetic mutations preventing chemotherapy-induced apoptosis, or the high interstitial pressures that exist within the tumour matrix,1 resulting in suboptimal drug delivery to cancer
cells resident within large tumours. The molecular mecha-

nisms underlying changes in interstitial pressures are dependent on a number of influences. Signalling through the
platelet-derived growth factor (PDGF) receptor and ligand system is believed to play a central role in modulating intratumoural interstitial fluid pressures, particularly via the PDGFb
receptor.2–4
Deregulation of PDGF-receptor signalling has also been
implicated in several types of cancers including prostate,5,6
lung,7 breast,8 sarcomas,9 gliomas,10–12 and ovarian cancers.13
Imatinib mesylate (Glivec, also known as GleevecTM in
North America; Novartis Pharmaceuticals) is a small molecule
phenylaminopyrimidine derivative that selectively inhibits
a number of protein tyrosine kinases involved in cellular
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proliferation. These include c-Abl, Bcr-Abl, ARG (Abl-related
tyrosine kinase), the platelet-derived growth factor receptor
(PDGF-R), and KIT, the receptor for Stem Cell Factor.14–16 The
clinical utility of imatinib has been clearly established in
chronic myeloid leukaemia (CML) and advanced gastrointestinal stromal tumour (GIST) due to the inhibition of the oncogenic
Bcr-Abl,
KIT,
and/or
PDGFR-alpha
kinases,
respectively.17–21
Imatinib has shown promising efficacy in a number of
diseases with known deregulation of PDGFR kinase activity, including dermatofibrosarcoma protuberans,22–24 hypereosinophilic syndrome,25 and chronic myelomonocytic
leukaemia.26–28
Preclinical models testing the combination of imatinib
with cytotoxic chemotherapy have suggested there might be
synergy between these mechanistically distinct therapeutic
strategies. Imatinib plus cytarabine or daunorubicin led to increased apoptosis in Bcr-Abl-positive human leukaemia cell
lines through down-regulation of anti-apoptotic signalling.29,30 Synergistic effects have also been seen when combining imatinib with paclitaxel in mouse models of prostate
cancer6 and ovarian cancer;13 and when combining imatinib
with gemcitabine in a mouse model of pancreatic cancer.31
In addition, an in vitro model using rat colon carcinoma demonstrated decreased interstitial fluid pressure (IFP) in response to imatinib,3 and was seen in tumour models in
mice treated with imatinib and concurrent chemotherapy.4
These changes in IFP are likely due to inhibition of PDGFb signalling that is up-regulated in the tumour vasculature and
desmoplastic stromal cells in the tumour microenvironment.
By decreasing this abnormally high IFP, it is possible that increased transport would be allowed from the tumour capillaries to the interstitium. This, in turn, could be associated with
improvement in delivery of cytotoxic chemotherapy to the
tumour cells. This has been suggested as a novel way to improve effective drug delivery into the complex microenvironment of solid tumours. Besides these potential effects on the
tumour microenvironment, the combination of imatinib with
cytotoxic chemotherapy might also lead to increased cytotoxicity through direct effects via inhibition of anti-apoptotic signalling in the tumour cells, perhaps acting through PDGF
receptors directly.
In order to test these hypotheses, we began studies to assess the safety of two separate combinations of imatinib with
conventional chemotherapeutic drugs (either in combination
with gemcitabine or with doxorubicin). Separate cohorts of
patients were enrolled into dose escalation trials to determine
the safety and tolerability profiles, the maximum-tolerated
doses, and any dose-limiting toxicities of the combination
of imatinib with these two widely used cytotoxic agents.

2.

Patients and methods

2.1.

Eligibility

The following eligibility criteria were required: patients with
solid tumour malignancies for which there were no standard
effective therapies; Eastern Cooperative Oncology Group performance status 0–2; estimated life expectancy of at least 3
months; no prior radiation therapy or systemic cancer ther-
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apy within 4 months; no major surgery within 2 weeks; full
recovery from any toxic effects of prior treatments; no other
active primary malignancy; no other severe and/or life-threatening medical condition including, symptomatic congestive
cardiac failure within 6 months of study entry , acute or
chronic liver disease or HIV infection; absence of pregnancy
or lactation and willingness to use contraception. The DanaFarber/Harvard Cancer Center institutional review board approved this investigation. All patients gave written informed
consent prior to study entry as per federal and institutional
guidelines.
Patients were required to have adequate end-organ
function.
Specific eligibility criteria for the doxorubicin and imatinib
combination included a lifetime cumulative doxorubicin dose
of <300 mg/m2; absence of prior cardiac irradiation; left ventricular ejection fraction within normal limits.
In the study of each combination, the study rules were
amended after the first dose cohort was treated to exclude patients who had received more than one prior chemotherapy
regimen, or who had received prior pelvic irradiation (see Section 3 for further detail about the toxicities that led to this
amendment).

2.2.

Study design, dosage and drug administration

The study was supported in part by funds and with drug supply provided by Novartis Pharmaceuticals. The study was designed and conducted by the investigative team, and all data
was held by the investigators. Imatinib mesylate was supplied
as 100 mg capsules by Novartis. Gemcitabine and doxorubicin
were obtained commercially.
Patients received drug administration according to the
schedule outlined in Tables 1 and 2. Patients were instructed
to take imatinib at the same time every day, with a full glass
of water and along with food. Gemcitabine was administered

Table 1 – Treatment schedule for gemcitabine and
imatinib
Dose
level
1
0
1

Imatinib
mesylate
(mg/day)

Gemcitabine

300
400
400

700 mg/m2 IV days 1 and 8/ every 21 days
700 mg/m2 IV days 1, 8 and 15/ every 28 days
800 mg/m2 IV days 1, 8 and 15/ every 28 days

Table 2 – Treatment schedule for doxorubicin and
imatinib
Dose
level
1
0
1

Imatinib
mesylate
(mg/day)

Doxorubicin

300
400
400

50 mg/m2 IV day 1/every 21 days
50 mg/m2 IV day 1/every 21 days
60 mg/m2 IV day 1/every 21 days

866
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intravenously over 30 min via an electronic infusion pump.
Doxorubicin was administered as an intravenous bolus.

2.3.
Study design and rules for dose escalation or dose
de-escalation
Dose assignments were based on the modified Fibonacci
three-per-cohort Phase I study design. Enrollment began at
dose level 1 (see Tables 1 and 2). Intrapatient dose escalations
were not allowed. For enrollment to proceed beyond the first
dose level, patients were required to be treated for 1 cycle, and
have all safety data reviewed. If no dose-limiting toxicity
(DLT) was seen, then enrollment would be allowed to continue with increase to the next dose level for the subsequent
cohort. If two or more DLTs were seen in the first 3 patients,
then enrollment was to continue at a reduced dose level (denoted as dose level –1), with maximum subsequent increase
in subsequent cohorts to dose level 0. If 1 DLT was seen, 3
additional patients were to be enrolled at that dose level;
and if no further DLT was seen (i.e., total of 1 DLT per 6 patients) then enrollment was to continue to the next dose level.
If further DLTs were seen (i.e., total P2 DLTs per 6 patients),
then the previous dose level would be considered the maximum tolerated dose (MTD). Once MTD was determined, the
study was designed to enroll approximately an additional 10
patients at the MTD level.
Toxicity was graded according to the National Cancer
Institute Common Toxicity Criteria version 2.0. For both studies, DLT was defined as any grade 3 or 4 non-haematologic
toxicity or any clinically relevant grade 3 or 4 haematologic
toxicity (defined as ANC <1.0 · 109/l persisting for >7 days,
an episode of fever >38.5 Celsius with neutropenia, grade 4
anaemia, or grade 4 thrombocytopenia).
For the gemcitabine and imatinib combination, further criteria defining a DLT included an ANC of <1.5 · 109/l on day 8 or
day 15 (only for dose level 1) of cycle 1 leading to a delay in
administering gemcitabine dosing beyond day 15 or a platelet
count of <50 · 109 on day 8 or day 15 of cycle 1 leading to a delay in chemotherapy.
For doxorubicin and imatinib, further criteria defining a
DLT included an ANC of <1.5 · 109/l on day 1 of cycle 2 leading
to a delay of planned doxorubicin dosing; any grade of bilirubin toxicity on day 1 of cycle 2; clinically apparent congestive
cardiac failure or a reduction in LVEF below the institutional
lower limit of normal (50%) or a fall in LVEF of >15% in a patient whose baseline LVEF was >65%.
The prophylactic use of growth factors was not permitted.
However, therapeutic use of haematopoietic growth factors
such as granulocyte colony-stimulating factor (G-CSF) was
permitted per the clinical practice guidelines of the American
Society of Clinical Oncology.
For either combination, patients were eligible to receive
continued cycles of drug administration if they were clinically
well, recovered from all toxicities and had no evidence of progressive disease (PD). Treatment was discontinued if chemotherapy was delayed for >14 days due to toxicity, or if
patients developed a grade 3 or higher non-haematologic toxicity after a dose reduction. Patients who experienced a grade
3 or higher non-haematologic toxicity for cycle 2 and beyond
recommenced drug once toxicity resolved to grade 1 or less;
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with a 25% reduction in the dose of chemotherapy, but no
adjustment in imatinib dose. For doxorubicin and imatinib,
treatment with doxorubicin ceased once the cumulative lifetime doxorubicin dose reached 480 mg/m2. Following recognition of haematologic toxicities with subsequent study
amendment, patients who developed severe neutropenia
(neutrophil count of 61.0 · 109/l) were instructed to hold any
further imatinib dosing until ANC recovered to >1.0 · 109/l.

2.4.

Pretreatment and follow-up studies

A history and physical examination as well as laboratory
studies were performed at baseline to determine eligibility.
Measurable disease, if present, was documented by means
of appropriate imaging studies. Imaging studies were to be repeated after every 2 cycles of treatment. Objective measurement of tumour mass was assessed in accordance with
Response Evaluation Criteria in Sold Tumours (RECIST).32
For gemcitabine and imatinib, complete blood counts were
repeated on days 1, 8 and 15, while serum chemistries were
performed on days 1 and 15 of each cycle. Patients had a
physical examination on day 1 and 8 of each cycle.
For doxorubicin and imatinib, complete blood counts were
repeated on days 1, 8, 11 and 15 of cycle 1, and then on days 1,
8 and 15 of subsequent cycles. Serum chemistries were performed on days 1 and 15 of each cycle. Patients had a physical
examination on each day 1. Cardiac assessment included a
baseline EKG, and a MUGA scan. MUGA scans were repeated
after every 2 cycles, or after every cycle if the patient had
reached a lifetime cumulative dose of doxorubicin exceeding
400 mg/m2.

3.

Results

3.1.

General

Seven patients were enrolled, in total, to receive gemcitabine
and imatinib. Nine patients were enrolled to receive doxorubicin and imatinib. Baseline characteristics and treatment
outcomes for each group are listed in Tables 3 and 4.

3.2.

Safety, tolerability, and dose-limiting toxicities

Myelosuppression was the principal DLT observed in both
combination studies. For gemcitabine and imatinib, 7 patients
were treated for a total of 7 cycles. As outlined in Table 5, 2 of
the first 3 patients treated on the initial cohort (dose level 1)
developed significant neutropenia. Patient 1 had a neutrophil
count of 1.08 · 109 on cycle 1, day 15, which was below that required for treatment with gemcitabine (1.5 · 109); this defined
the DLT. Patient number 3 developed grade 3 neutropenia,
with a neutrophil count of 0.78 · 109 on cycle 1, day 8; this
constituted another DLT at this dose and schedule. Patient
number 4, who was treated on dose level 1, developed grade
3 thrombocytopenia on cycle 1, day 15 (nadir platelet count of
26 · 109). Patient number 7 experienced the second DLT on
dose level 1, with the development of grade 3 fatigue on cycle 1 day 21, and this led to termination of the study.
For doxorubicin and imatinib (Table 6), the first 2 patients
treated on dose level 1 developed DLTs. Patient number 1,
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Table 3 – Summary of patient characteristics and outcome: gemcitabine and imatinib
Patient
number
1
2
3
4
5

Dose level
1
1
1
1

6
7

Age/sex ECOG

Disease type

No. of prior
therapies

No. of cycles
received

Best response Reason for
removal

M/31
M/38
M/71
F/30
F/56

0
2
0
2
0

Desmoid tumour
Neuroendocrine carcinoma
Metastatic angiosarcoma
Adrenocortical carcinoma
Leiomyosarcoma

2
2
4 + RT
1
1

1
1
1
1
1

Unknown
PD
Unknown
PD
Unknown

F/49
M/63

0
1

Adrenocortical carcinoma
Non-small cell lung carcinoma

1
1 + RT

1
1

PD
Unknown

DLT
PD
DLT
DLT
Severe
depression
PD
DLT

PD: progressive disease; DLT: dose-limiting toxicity; RT: radiotherapy.

Table 4 – Summary of patient characteristics and outcome: doxorubicin and imatinib
Patient Dose level Age/sex ECOG
number
1
2
3
4
5
6
7
8
9

1
1
1
1
1
1
1
1
1

M/48
F/60
F/53
F/53
M/64
F/55
F/71
F/61
M/55

1
1
0
1
0
0
0
0
1

Disease type

No. of prior No. of cycles Best response Reason for
therapies
received
removal

Poorly differentiated carcinoma
Adenocarcinoma – pancreas
Leiomyosarcoma
Adenoid cystic carcinoma
Leiomyosarcoma
Leiomyosarcoma
Metastatic angiosarcoma
Leiomyosarcoma
Adenocarcinoma – gastric

0
3
0
1 + RT
0
1
0
0
0

1
1
10
1
2
2
2
2
2

Unknown
PD
PR
Unknown
PD
PD
PD
PD
PD

DLT
DLT
DLT
DLT
PD
PD
PD
PD
PD

PD: progressive disease; DLT: dose-limiting toxicity; RT: radiotherapy; PR: poor response.

Table 5 – Dose-limiting toxicities: gemcitabine and imatinib
Patient number

Type of DLT

Dose level

Cycle number

1

C1D15

Liposomal doxorubicin, vinorelbine

3

Grade 2 neutropenia
resulting in treatment delay
Grade 3 neutropenia

1

C1D8

4
7

Grade 3 thrombocytopenia
Grade 3 fatigue

1
1

C1D15
C1D22

Paclitaxel, liposomal doxorubicin,
vinorelbine, endostatin, radiotherapy to scalp
Adriamycin/cisplatin/etoposide
Carboplatin/paclitaxel, radiotherapy-whole brain

1

Previous treatment

Table 6 – Dose-limiting toxicities: doxorubicin and imatinib
Patient
number

Type of DLT

Dose level

1
2

Grade 3 neutropenia
Grade 3 nausea and vomiting

1
1

C1D15
C1D4

3

Grade 2 cardiac-left
ventricular function
Grade 3 neutropenia

1

Cycle 9

1

C1D15

4

developed grade 3 neutropenia on cycle 1, day 15, with a nadir
neutrophil count of 0.95 · 109. Patient number 2 developed
grade 3 nausea and vomiting despite anti-emetics. Patient
number 3, the first patient treated on dose level 1, had no history of heart disease. She tolerated treatment well for nine cy-

Cycle number

Previous treatment
None
Gemcitabine, raf-kinase
inhibitor, capecitabine
None
Cyclophosphamide/methotrexate/5-fluorouracil,
radiotherapy to breast and neck

cles of combination drug administration but then developed
an asymptomatic reduction in LVEF (from 60% to 40%). This
event was considered a DLT, and the patient’s treatment was
stopped. The patient was managed with beta blockade and
ACE inhibition. Follow-up cardiac assessment 6 months later
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Table 7 – All treatment-related toxicities, listed by grade
Gemcitabine and imatinib

Doxorubicin and imatinib

Dose level

Dose level

1
No. of patients
Total no. of cycles
Toxicity and grade
Hemoglobin
Neutrophils
Platelets
Edema
Fatigue
Nausea
Vomiting
Diarrhoea
Anorexia
Cardiac–LVF

3
3
1
–
1
–
–
1
1
–
–
–
–

2
–
1a
1
–
–
–
–
–
–
–

1

3
–
1a
–
–
–
–
–
–
–
–

4
4
1
–
–
–
–
–
2
1
–
–
–

1

2
–
1
–
–
–
–
–
–
1
–

3
–
–
1a
–
1a
–
–
–
0
–

2
2
1
–
–
1
–
–
1
–
–
–
–

2
–
–
–
–
1
–
–
–
–
–

1

3
–
1a
–
–
–
1a
1a
–
–
–

7
21
1
1
–
–
1
–
4
1
3
2
–

2
1
–
–
–
3
1
1
–
–
1a

3
–
4a
–
–
–
–
–
–
–
–

Notes: Toxicities are as per Common Toxicity Criteria Grades, version 2.0.
a Patients who experienced dose-limiting toxicity (please note, nausea and vomiting occurred concurrently in the same patient and therefore
reflect a singe DLT). Cardiac-LVF refers to cardiac left ventricular function.

revealed recovery of her LVEF to 64%. She remains alive and
without cardiac symptoms. Patient number 4 developed grade
3 neutropenia on cycle 1, day 15 of treatment, with a nadir
neutrophil count of 0.68 · 109, representing another DLT.
Importantly, no patient experienced infection or bleeding.

3.3.

Other toxicities

A complete list of treatment related toxicities is provided in
Table 7. Myelosuppression, in particular neutropenia, was
the most common toxicity. Thrombocytopenia occurred in
one patient, and was dose-limiting, as detailed above. Anaemia was less common, and may have reflected the short time
on treatment by the majority of patients. Fatigue and nausea
were the most common non-haematologic toxicities encountered. Nausea was typically associated with chemotherapy
administration, and was more common in patients receiving
doxorubicin and imatinib. It was usually mild in intensity and
controlled with standard anti-emetics. Diarrhoea and edema,
toxicities that are typically seen with imatinib administration, were not commonly seen, and again may have reflected
the short duration of treatment. Patient 5 (see Table 3), who
received the combination of gemcitabine and imatinib, developed severe depression on cycle 1 day 8. This was thought not
to be related to treatment. However, it was considered to be in
the best medical interest of the patient to discontinue protocol participation, rendering her ineligible for further assessment of response or toxicity. No other significant toxicities
were noted with either combination regimen.

3.4.

Antitumour response

Only 2 patients treated with the combination of gemcitabine
and imatinib, and only 6 patients treated with doxorubicin and imatinib, were assessable for response (see Tables 3
and 4). Both evaluable patients on gemcitabine and imatinib
developed progressive disease after 1 cycle of treatment. Of

the 6 patients evaluable for response on doxorubicin and
imatinib, 5 developed progressive disease after a maximum
of 2 cycles of treatment. The only patient who achieved an
objective response was patient 3, a 53-year-old woman with
metastatic leiomyosarcoma, treated on dose level 1 with
doxorubicin and imatinib. She had not received any previous
systemic treatment for her disease. After 4 cycles of treatment, she had a confirmed partial response that was sustained until removal from study after cycle 9 was
necessitated with the development of the asymptomatic drop
in LVEF which was considered a cardiac DLT, as noted above.

4.

Discussion

We set out to test two combinations of imatinib with cytotoxic chemotherapy in order to determine the safety, tolerability, maximum-tolerated doses, and any dose-limiting
toxicities of the combination of daily oral administration of
imatinib with either of two widely used cytotoxic agents,
gemcitabine or doxorubicin. These combination regimens,
however, demonstrated unacceptable toxicities in the schedule and doses employed without haematopoietic growth factor support resulting in termination of both studies after only
a small number of patients were treated.
The predominant dose-limiting toxicity with either combination was myelosuppression, at a rate that was higher than
would be expected if either of these drugs were administered
as a single agent. In patients with solid tumours treated with
imatinib as a single agent, at doses ranging from 400 to
800 mg/day, the incidence of grade 3 or 4 neutropenia is
approximately 5%, and grade 3 or 4 thrombocytopenia
<2%.20,21,33 Rates of grade 3 or 4 neutropenia or thrombocytopenia seen with doxorubicin at similar or slightly higher
doses to those used in this study are reported to be in the
range of 10–20%.34,35 Gemcitabine, when used as a single
agent, is even less myelotoxic, with neutropenia or thrombocytopenia reported in up to 10% of patients.36–38
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There are a number of possible explanations for the high
incidence of unacceptable toxicity that was observed with
these regimens. Pharmacokinetic profiles were not performed, as a direct pharmacokinetic interaction was not expected since these drugs are not metabolized via a common
pathway. However, it remains theoretically possible that there
may have been an unforeseen pharmacokinetic interaction.
Since imatinib is known to affect interstitial fluid pressures through inhibition of the PDGFR pathways, it is possible
that the functional marrow or tissue concentrations of cytotoxic drugs may have been increased significantly, thereby
leading to increased toxicities. Similar mechanisms of toxicity have been seen when inhibitors of multidrug resistance
proteins were added to cytotoxic chemotherapies in an attempt to improve tissue drug delivery.39–41
There has been relatively limited published clinical experience evaluating combinations of imatinib and cytotoxic chemotherapy in patients with solid tumours. In a study
evaluating imatinib in combination with docetaxel in patients
with androgen-independent prostate cancer noted that >50%
of patients treated at the MTD experienced a DLT. Interestingly, very little myelosuppression was documented in this
heavily pretreated population. Our study had very close monitoring of haematologic status, and it is possible that this
study was more sensitive to detect clinically occult myelosuppression, since none of the patients suffered febrile neutropenia or other infectious complications of myelotoxicity.
Preliminary data from several studies combining imatinib
with chemotherapy have been reported in abstract form.42–47
In the majority of these studies, significant toxicity was
encountered requiring adjustment of dosing below standard
range. In some cases, imatinib was used on an intermittent
dosing schedule to temper toxicity.45–47
The aim of our work was to provide the data upon which
future combination trials might be based to assess whether
selective tyrosine kinase inhibition with imatinib might contribute additional efficacy to standard chemotherapy. However, as was quickly evident, toxicity of the combinations
was more severe than would easily allow for drug administration at reasonably conventional doses. Nonetheless, the preclinical and theoretical rationale to study the combination
of imatinib with chemotherapy remains intriguing and may
be worthy of further investigation. Strategies to decrease toxicity may include altering drug delivery schedules, or providing additional supportive care with haematopoietic growth
factors to mitigate myelosuppression. In designing such studies, close clinical and laboratory monitoring for toxicity is required, along with pharmacokinetics to evaluate for a
possible drug-drug interactions as a cause for unexpected
side effects.

Conflict of interest statement
Drs. George reports that she has received limited honoraria
for invited lectures sponsored by Novartis. Drs. Desai, Eder,
Appleman and Ryan have no conflicts to disclose. Dr. Demetri
reports that he has served as a consultant for Novartis, and
has received limited honoraria for invited lectures sponsored
by Novartis.

4 2 ( 2 0 0 6 ) 8 6 4 –8 7 0

869

Acknowledgement
Presented in part at the 39th Annual Meeting of the American
Society of Clinical Oncology, Chicago, IL, May 31–June 3, 2003.

R E F E R E N C E S

1. Jain RK. The next frontier of molecular medicine: delivery of
therapeutics. Nat Med 1998;4:655–7.
2. Rodt SA, Ahlen K, Berg A, et al. A novel physiological function
for platelet-derived growth factor-BB in rat dermis. J Physiol
1996;495:193–200.
3. Pietras K, Ostman A, Sjoquist M, et al. Inhibition of
platelet-derived growth factor receptors reduces interstitial
hypertension and increases transcapillary transport in
tumours. Cancer Res 2001;61:2929–34.
4. Pietras K, Rubin K, Sjoblom T, et al. Inhibition of PDGF
receptor signalling in tumour stroma enhances antitumour
effect of chemotherapy. Cancer Res 2002;62:5476–84.
5. Fudge K, Bostwick DG, Stearns ME. Platelet-derived growth
factor A and B chains and the alpha and beta receptors
in prostatic intraepithelial neoplasia. Prostate 1996;29:
282–286.
6. Uehara H, Kim SJ, Karashima T, et al. Effects of blocking
platelet-derived growth factor-receptor signalling in a mouse
model of experimental prostate cancer bone metastases.
J Natl Cancer Inst 2003;95:458–70.
7. Antoniades HN, Galanopoulos T, Neville-Golden J, et al.
Malignant epithelial cells in primary human lung carcinomas
coexpress in vivo platelet-derived growth factor (PDGF) and
PDGF receptor mRNAs and their protein products. Proc Natl
Acad Sci U S A 1992;89:3942–6.
8. Yi B, Williams PJ, Niewolna M, et al. Tumour-derived
platelet-derived growth factor-BB plays a critical role in
osteosclerotic bone metastasis in an animal model of human
breast cancer. Cancer Res 2002;62:917–23.
9. Wang J, Coltrera MD, Gown AM. Cell proliferation in human
soft tissue tumours correlates with platelet-derived growth
factor B chain expression: an immunohistochemical and
in situ hybridization study. Cancer Res 1994;54:560–4.
10. Hermansson M, Nister M, Betsholtz C, et al. Endothelial cell
hyperplasia in human glioblastoma: coexpression of mRNA
for platelet-derived growth factor (PDGF) B chain and PDGF
receptor suggests autocrine growth stimulation. Proc Natl
Acad Sci U S A 1988;85:7748–52.
11. Nister M, Libermann TA, Betsholtz C, et al. Expression of
messenger RNAs for platelet-derived growth factor and
transforming growth factor-alpha and their receptors
in human malignant glioma cell lines. Cancer Res
1988;48:3910–8.
12. Mauro A, Bulfone A, Turco E, et al. Coexpression of
platelet-derived growth factor (PDGF) B chain and PDGF B-type
receptor in human gliomas. Childs Nerv Syst 1991;7:432–6.
13. Apte SM, Bucana CD, Killion JJ, et al. Expression of
platelet-derived growth factor and activated receptor in
clinical specimens of epithelial ovarian cancer and ovarian
carcinoma cell lines. Gynecol Oncol 2004;93:78–86.
14. Buchdunger E, Zimmermann J, Mett H, et al. Inhibition of the
Abl protein-tyrosine kinase in vitro and in vivo by a
2-phenylaminopyrimidine derivative. Cancer Res 1996;56:100–4.
15. Druker BJ, Tamura S, Buchdunger E, et al. Effects of a selective
inhibitor of the Abl tyrosine kinase on the growth of Bcr-Abl
positive cells. Nat Med 1996;2:561–6.
16. Okuda K, Weisberg E, Gilliland DG, et al. ARG tyrosine kinase
activity is inhibited by STI571. Blood 2001;97:2440–8.

870

EUROPEAN JOURNAL OF CANCER

17. Druker BJ, Talpaz M, Resta DJ, et al. Efficacy and safety of a
specific inhibitor of the BCR-ABL tyrosine kinase in chronic
myeloid leukaemia. N Engl J Med 2001;344:1031–7.
18. Kantarjian H, Sawyers C, Hochhaus A, et al. Haematologic
and cytogenetic responses to imatinib mesylate in chronic
myelogenous leukaemia. N Engl J Med 2002;346:645–52.
19. O’Brien SG, Guilhot F, Larson RA, et al. Imatinib compared
with interferon and low-dose cytarabine for newly diagnosed
chronic-phase chronic myeloid leukaemia. N Engl J Med
2003;348:994–1004.
20. Demetri GD, von Mehren M, Blanke CD, et al. Efficacy and
safety of imatinib mesylate in advanced gastrointestinal
stromal tumours. N Engl J Med 2002;347:472–80.
21. Verweij J, Casali PG, Zalcberg J, et al. Progression-free survival
in gastrointestinal stromal tumours with high-dose imatinib:
randomised trial. Lancet 2004;364:1127–34.
22. Sjoblom T, Shimizu A, O’Brien KP, et al. Growth inhibition of
dermatofibrosarcoma protuberans tumours by the
platelet-derived growth factor receptor antagonist STI571
through induction of apoptosis. Cancer Res 2001;61:5778–83.
23. Maki RG, Awan RA, Dixon RH, et al. Differential sensitivity to
imatinib of 2 patients with metastatic sarcoma arising from
dermatofibrosarcoma protuberans. Int J Cancer
2002;100:623–6.
24. Rubin BP, Schuetze SM, Eary JF, et al. Molecular targeting of
platelet-derived growth factor B by imatinib mesylate in a
patient with metastatic dermatofibrosarcoma protuberans.
J Clin Oncol 2002;20:3586–91.
25. Gotlib J, Cools J, Malone 3rd JM, et al. The FIP1L1-PDGFRalpha
fusion tyrosine kinase in hypereosinophilic syndrome and
chronic eosinophilic leukaemia: implications for diagnosis,
classification, and management. Blood 2004;103:2879–91.
[Epub 2003 Nov 20].
26. Carroll M, Tomasson MH, Barker GF, et al. The
TEL/platelet-derived growth factor beta receptor (PDGF beta
R) fusion in chronic myelomonocytic leukaemia is a
transforming protein that self-associates and activates PDGF
beta R kinase-dependent signalling pathways. Proc Natl Acad
Sci U S A 1996;93:14845–50.
27. Apperley JF, Gardembas M, Melo JV, et al. Response to
imatinib mesylate in patients with chronic myeloproliferative
diseases with rearrangements of the platelet-derived growth
factor receptor beta. N Engl J Med 2002;347:481–7.
28. Magnusson MK, Meade KE, Nakamura R, et al. Activity of
STI571 in chronic myelomonocytic leukaemia with a
platelet-derived growth factor beta receptor fusion oncogene.
Blood 2002;100:1088–91.
29. Tipping AJ, Mahon FX, Zafirides G, et al. Drug responses of
imatinib mesylate-resistant cells: synergism of imatinib with
other chemotherapeutic drugs. Leukaemia 2002;16:2349–57.
30. Thiesing JT, Ohno-Jones S, Kolibaba KS, et al. Efficacy of
STI571, an abl tyrosine kinase inhibitor, in conjunction with
other antileukemic agents against bcr-abl-positive cells. Blood
2000;96:3195–9.
31. Hwang RF, Yokoi K, Bucana CD, et al. Inhibition of
platelet-derived growth factor receptor phosphorylation by
STI571 (Gleevec) reduces growth and metastasis of human
pancreatic carcinoma in an orthotopic nude mouse model.
Clin Cancer Res 2003;9:6534–44.
32. Therasse P, Arbuck SG, Eisenhauer EA, et al. New guidelines
to evaluate the response to treatment in solid tumours.
European Organization for Research and Treatment of
Cancer, National Cancer Institute of the United States,
National Cancer Institute of Canada. J Natl Cancer Inst
2000;92:205–16.
33. Verweij J, van Oosterom A, Blay JY, et al. Imatinib mesylate
(STI-571 Glivec, Gleevec) is an active agent for gastrointestinal

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

4 2 ( 2 0 0 6 ) 8 6 4 –8 7 0

stromal tumours, but does not yield responses in other
soft-tissue sarcomas that are unselected for a molecular
target. Results from an EORTC Soft Tissue and Bone Sarcoma
Group phase II study. Eur J Cancer 2003;39:2006–11.
Santoro A, Tursz T, Mouridsen H, et al. Doxorubicin versus
CYVADIC versus doxorubicin plus ifosfamide in first-line
treatment of advanced soft tissue sarcomas: a randomized
study of the European Organization for Research and
Treatment of Cancer Soft Tissue and Bone Sarcoma Group.
J Clin Oncol 1995;13:1537–45.
Edmonson JH, Ryan LM, Blum RH, et al. Randomized
comparison of doxorubicin alone versus ifosfamide plus
doxorubicin or mitomycin, doxorubicin, and cisplatin
against advanced soft tissue sarcomas. J Clin Oncol
1993;11:1269–75.
Burris 3rd HA, Moore MJ, Andersen J, et al. Improvements in
survival and clinical benefit with gemcitabine as first-line
therapy for patients with advanced pancreas cancer: a
randomized trial. J Clin Oncol 1997;15:2403–13.
Anderson H, Hopwood P, Stephens RJ, et al. Gemcitabine plus
best supportive care (BSC) vs BSC in inoperable non-small cell
lung cancer–a randomized trial with quality of life as the
primary outcome. UK NSCLC Gemcitabine Group. Non-Small
Cell Lung Cancer. Br J Cancer 2000;83:447–53.
Berlin JD, Catalano P, Thomas JP, et al. Phase III study of
gemcitabine in combination with fluorouracil versus
gemcitabine alone in patients with advanced pancreatic
carcinoma: Eastern Cooperative Oncology Group Trial E2297.
J Clin Oncol 2002;20:3270–5.
Leonard GD, Fojo T, Bates SE. The role of ABC transporters in
clinical practice. Oncologist 2003;8:411–24.
Bramwell VH, Morris D, Ernst DS, et al. Safety and efficacy of
the multidrug-resistance inhibitor biricodar (VX-710) with
concurrent doxorubicin in patients with
anthracycline-resistant advanced soft tissue sarcoma. Clin
Cancer Res 2002;8:383–93.
Minderman H, O’Loughlin KL, Pendyala L, et al. VX-710
(biricodar) increases drug retention and enhances
chemosensitivity in resistant cells overexpressing
P-glycoprotein, multidrug resistance protein, and
breast cancer resistance protein. Clin Cancer Res
2004;10:1826–34.
Bahrani A, Hwang S, Malik K, et al. Phase I trial of daily
imatinib mesylate and weekly paclitaxel in patients with
advanced refractoty solid tumours. ASCO Annual Meeting
Proceedings. J Clin Oncol 2004;22:3087.
Thompson DS, Hainsworth JD, Spigel DR, et al. Irinotecan
carboplatin and imatinib in the first line treatment of
extensive stage small cell lung cancer: a phase II study of the
Minnie Pearl Cancer Research Network. Proc Amer Soc Clin
Oncol 2005;23. [Abstract 7049].
Schuter L, Flaherty K, Davidson R, et al. A phase I trial of
imatinib and temozolamide in patients with metastatic
melanoma. Proc Amer Soc Clin Oncol 2004;23:724. [Abstract
7572].
Poplin E, Gharibo M, Rodriguez L, et al. Phase I study of
imatinib mesylate and gemcitabine in patients with
refractory solid tumour malignancy. Proc Amer Soc Clin Oncol
2005;24:40. [Abstract 3100].
Sathornsumetee S, Reardon DA, Quinn J, et al. A phase I dose
escalation study of imatinib mesylate plus standard dose
temozolamide in patients with malignant glioma. J Clin Oncol
2005;23(16 suppl;pt 1):124s. [Abstract 1540].
Malik SM, Moore DJ, Hwang JJ, et al. Pulse dose imatinid
and weekly paclitaxel phase I trial for advanced refractory
tumours. Proc Soc Amer Clin Oncol 2005;24:43. [Abstract
3118].

