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Abstract

Imatinib (Glived’, formerly STI571, Novartis Pharma AG, Basel, Switzerland) potently inhibits several protein tyrosine kinases,
including Bcr-Abl, Kit, and the platelet-derived growth factor receptor. Phase | and Il studies demonstrated that orally administered
imatinib is highly effective and well tolerated in all phases of chronic myeloid leukemia (CML) at doses ranging from 400 to
600 mg. Importantly, preliminary evidence suggests that patients with advanced CML achieving hematologic or major cytogenetic
responses to imatinib may have longer survival than those without such responses, whereas chronic phase patients who respond
treatment may have longer times to disease progression. Ongoing and planned studies are focused on optimizing CML treatment witl
imatinib, evaluating imatinib-based combination therapy, defining additional therapeutic targets and exploring the use of imatinib in
children. In particular, results from several combination phase | studies are expected shortly, including an evaluation of combination
imatinib—interferona therapy and imatinib—cytarabine in chronic phase CML, and a phase | study of single-agent imatinib in children
with Philadelphia chromosome-positive leukemia is ongoing. A large phase Il trial comparing imatinib with standard inferferon alfa
plus cytarabine in first-line CML treatment is also ongoing.2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction nase activity is mandatory in this malignant process [3,4].
Accordingly, the clinical activity of imatinib was initially
Imatinib (Glivec’, formerly STI571, Novartis Pharma  evaluated in CML patients.
AG, Basel, Switzerland) inhibits the activity of the tyrosine CML was an ideal target for the initial clinical de-
kinase Bcr-Abl, a constitutively activated fusion product of velopment of imatinib, not only because of the strong
the Philadelphia chromosome that appears to be responsiunderstanding of the basic biology of the disease but
ble for chronic myeloid leukemia (CML) [1]. This genetic also because of the relatively easy methods of measuring
abnormality arises from the reciprocal translocation of drug activity. Hematologic responses to imatinib treatment
the long arms of chromosomes 9 and 22 [2]. Imatinib were determined by reductions in peripheral leukocyte
competitively inhibits the ATP binding of the enzyme, counts, and cytogenetic responses were measured by the
thereby blocking the phosphorylation of protein substrates percentage of bone marrow metaphase cells containing
involved in signal transduction and consequent CML cell the Philadelphia chromosome [5]. The experience with
growth. In animal models, the expression of Bcr-Abl is imatinib in preclinical models as well as the early promis-
sufficient for causing CML, and the protein tyrosine ki- ing results in the clinic suggests that the development
of future targeted agents should put more emphasis in
"+ Corresponding author. Tel+41 (61) 3244181; Fax+-41 (61) _the early integr_ation of disease—specif_ic phase | s_tudies,
3242034, in which there is a strong understanding of the biology
E-mail addressrenaud.capdeville@pharma.novartis.com and an easy method of determining clinical activity. Such

0959-8049/02/$ — see front mattér 2002 Elsevier Science Ltd. All rights reserved.



S78 R. Capdeville et al./ European Journal of Cancer Vol. 38 Suppl. 5 (2002) S77-S82

100 1
90
80 -
70
60 1
501

40

301 Hem. response e

201 — Yes
104~ No
ol M= Censored observations
0 2 4 6 8 10 12 14 16 18
Months since start of treatment

(A)

% of patients alive

100 I
90{ T ik (B)
80 o,
70
604
501
404
301 Major cytogenetic response at 3 months
207 — Yes
104~ No

ol = Censpred gbsen(ations ‘ ‘ ‘
0 2 4 6 8 10 12 14 16 18

Months since start of treatment

L H
B WHE- - -4

% of patients alive

Fig. 1. Fig. 1 (A) Survival of patients with myeloid blast crisis according to hematologic response (HR) to imatinib therapy at 3 menth8q)
and (B) of patients with accelerated phase CML according to major cytogenetic response at 3 menth83p9).

studies may greatly enhance the amount of information genetic response was seen in 54% of patients treated at
that can be generated from phase | trials, including not a dose of 300 mg or higher, including 31% major re-
only safety and pharmacokinetic data but also data onsponses (complete and partial responses). Subsequently,
pharmacodynamic activity and potential clinical efficacy. this dose-response relationship was further described with
Consequently, disease-specific phase | studies are expectechodeling analyses using the leukocyte count at day 28 as
to provide much greater insight into the dose-response andpharmacodynamic endpoint [6].
dose-activity relationships, which is critical in determining Pharmacokinetic analysis showed that daily oral doses
a range of potentially active doses to be recommended forof 250 mg and higher produced trough serum imatinib
subsequent studies. This paper will provide an overview of levels greater than the drug concentration needed to inhibit
clinical studies that are ongoing or expected to start shortly Bcr-Abl kinase activity by 50% in vitro (16p). Accord-
in CML as well as in other malignancies (Fig. 1). ingly, the serum drug levels achieved in the phase | study
were compatible with the desired therapeutic level. Impor-
tantly, imatinib showed linear pharmacokinetics over the
2. Phase | study in chronic phase CML dose range of the phase | study in terms of the area under
the serum concentration vs. time curve (AUC) as well as
In the first phase | study, patients with chronic phase the maximal serum drug concentrati@yfy).
CML who had failed previous interferom-therapy were Later, analysis of blood samples from patients treated
treated at doses ranging from 25 to 1000 mg daily. No with imatinib showed that Bcr-Abl kinase was inhibited.
maximum tolerated dose was formally identified despite a As the dose of imatinib increased, phosphorylation of
trend for a higher frequency of grade 3-4 adverse eventsCRKL, a major substrate of the kinase, was progressively
and hematologic toxicity at doses of 750 mg or higher inhibited, and reappearance of unphosphorylated CRKL
[5]. A clear dose-response relationship was evident and, atincreased correspondingly [5].
doses of 300 mg or higher, 98% of the patients achieved From this study, doses of 400 to 600 mg daily were
a complete hematologic response. Furthermore, a cyto-recommended for subsequent trials in CML and other ma-



R. Capdeville et al./ European Journal of Cancer Vol. 38 Suppl. 5 (2002) S77-S82 S79

lignancies on the basis of the hematological and cytoge- In the two studies of advanced disease, the first third of
netic responses, the trough serum levels above thgedfC patients were treated with 400 mg of imatinib daily, but
the kinase, and the effective inhibition of the downstream when more safety data became available from the phase |
target of the kinase. study, the remaining two thirds were treated with 600 mg
daily. In both studies, there was clear evidence of higher
hematologic and major cytogenetic response rates with
3. Phase |l studies in CML the higher dose. Notably, responses to imatinib appeared
to have a significant impact on patient survival using
Three large phase Il studies have been conducted inlandmark analysis. Patients in myeloid blast crisis who
CML patients, with record accrual seen in each (Table 1). achieved hematologic responses at 3 months had signifi-
The first study enrolled 260 patients with myeloid blast cantly longer survival than those without such responses
crisis [9]; the second study enrolled 235 patients with (P < 0.001). Similarly, patients in the accelerated phase of
accelerated phase CML [8]; the third study enrolled 532 CML with major cytogenetic responses had significantly
patients with chronic phase CML, following failure of longer survival as compared with patients without this re-
prior interferone therapy [7]. Patients with a myeloid blast sponse P = 0.011). Finally, in patients with chronic phase
crisis were treated for a median of 121 days, whereas thoseCML, 97% of patients with major cytogenetic responses
in the other 2 trials were treated for a median of nearly 1 at 3 months did not progress to accelerated phase or blast
year. As expected on the basis of the underlying prognosiscrisis at 1 year as compared to 88% of those without
of each form of CML, a higher proportion of patients with cytogenetic responseP = 0.005).
blast crisis (67%) and accelerated phase disease (34%), as The phase |l studies demonstrate that imatinib is effec-
compared with chronic phase CML (9%), discontinued the tive at all stages of CML and shows a favorable safety pro-
study due to progressive disease or death. Discontinuationdile. However, several rare but potentially serious adverse
due to drug-related adverse events were limited, rangingevents were seen (edema and fluid retention syndrome,
from 2.1% of those with chronic phase CML to 5% of hepatotoxicity), and therefore caution is warranted on the
those with blast crisis. part of the treating physician. Myelosuppression occurs
Hematologic and cytogenetic response rates declinedmore commonly in accelerated phase and blast crisis than
in relationship to the severity of CML. Hematologic re- in chronic phase CML, suggesting that it might be related
sponses were achieved by 95% of chronic phase CML to an increasingly compromised normal bone marrow re-
patients, 69% of those with accelerated phase disease, anderve as the disease evolves towards more advanced stages
31% of those with blast crisis (Table 1). Major cytogenetic in its natural history.
responses (MCR) were achieved by 60%, 24%, and 16%
of patients in these groups, respectively, underscoring the
need to treat CML patients as early as possible. Interest-4. The next steps
ingly, these rates of MCR are superior to those obtained
with any other drug therapy, including first-line therapy Several steps need to be taken in order to expand on the
with interferone, where response rates ranging from 9% high efficacy seen in CML patients who were previously
to 37% have been reported [10]. treated with interferonx.

4.1. Optimizing CML therapy with imatinib
Table 1

Phase Il studies of imatinib in CML The first step will be to determine how to optimize CML

Chronic Accelerated Blast treatment. Accordingly, the role of imatinib in front-line

phase [7] phase [8] crisis [9] treatment of CML is being evaluated in the International
Patientsn 532 235 260 Randomized Trial of Interferon vs. STI571 (IRIS), which
Months of treatment, 1841-20) 11 £1-17) 4 <1-23) was initiated in June 2000. A total of 1106 newly diag-
median (range) nosed CML patients were randomly assigned to receive
Discontinuations, % 13 43 85 single-agent imatinib 400 mg daily or standard combi-
Progressive disease 8 31 58 - . . .
Death 1 3 9 nation treatment with interferom-and cytarabine [11].
Adverse eventd 24 6 9 The primary endpoint of the study is time-to-progression,
Transplantation 0 2 5 where progression is defined as progression to accelerated
Other 2 <1 3 phase or blast crisis, rapidly increasing leukocyte count
Response rates, % despite appropriate patient management, or loss of either
Hematologic 95 69 31 hematologic or cytogenetic response. If disease progres-
Cytogenetic 60 24 16 sion occurred or patients were unable to tolerate treatment,

aDiscontinuations due to drug-related adverse events were 2.1%, 2.5%Patients were allowed to cross over to the other treatment
and 5% in the three studies, respectively. arm.
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Another aspect of optimizing treatment is to gain a 4.3. Identifying new potential indications for imatinib

greater understanding of the mechanisms involved in drug

resistance. In vitro data indicate that resistance to ima- The most challenging next step is the search for new
tinib can arise from amplification of the Bcr-Abl gene; therapeutic indications for imatinib. In addition to in-
emergence of new Abl mutations; overexpression of the hibiting Bcr-Abl, imatinib potently inhibits several other
multidrug resistance-associated P-glycoprotein (Pgp); andimportant kinases, including the stem cell factor receptor
binding of drug in serum tax; acid glycoprotein [12— Kit and the platelet-derived growth factor (PDGF) recep-
14]. In clinical samples, drug resistance has been asso-or [26]. Accordingly, the roles of these imatinib-sensitive
ciated with either Bcr-Abl gene amplification or de novo kinases in malignant transformation as well as in tumors

mutations on Bcr-Abl [15-18]. with multiple signaling pathways must be defined, and
their clinical significance in terms of prognosis and re-
4.2. Combining imatinib with other agents sponse to treatment must be determined. Once disease

targets are identified, several important questions must be
The second step is to explore imatinib-based combi- addressed: for which patients will imatinib be of benefit?;
nation therapy. A large number of in vitro studies have how will drug efficacy be determined both biochemically
been conducted in which the antiproliferative effect of and clinically?; and what is the optimal way to admin-
imatinib has been evaluated in combination with vari- ister imatinib (i.e., single-agent, combination, sequential,
ous chemotherapeutic agents, mostly on leukemic cellsadjuvant, continuous or intermittent)?.
using isobologram methodology [19—-23]. Synergistic in- The search for new indications has been integrated
teractions have been reported with a number of drugs,into the concept of a “target incubator”, which includes
including carboplatin, daunorubicin, cytarabine, etoposide, conducting disease-specific phag#l krials that include
gemcitabine, mafosfamide, mitoxantrone, vincristine and appropriate pharmacodynamic measurements and correl-
interferone.. In most other cases, additive effects were ative scientific assessments, molecularly targeted clinical
reported, but antagonistic effects have also been seen irtrials, continuing preclinical research, and the development
some experiments when imatinib was combined with hy- of suitable diagnostic assays. It will be important to cap-
droxyurea, methotrexate or topotecan. italize on continuing preclinical research in which new
The feasibility of combining imatinib with other agents animal models are being identified and various imatinib-
is being explored in patients with chronic phase CML. based combinations are being evaluated. The development
A phase Il study evaluating imatinib in combination with of methodologies to detect these imatinib-sensitive kinases
low-dose cytarabine is currently being analyzed [24]. Sev- in clinical specimens will be critical to gain a better under-
eral studies are testing the feasibility of combining ima- standing of these targets in various malignancies.
tinib with interferone: or pegylated interferon- Prelimi- Potential indications based on Kit, the receptor encoded
nary results from a large phase Il study being conducted by the c-Kit proto-oncogene, as the molecular target in-
in the United Kingdom are expected by the end of 2001 clude gastrointestinal stromal cell tumors (GISTs), small-
[25]. Studies are also ongoing in which more complex cell lung cancer (SCLC), neuroblastoma and Kit-positive
combinations are being tested, including combination ther- hematologic malignancies (Table 2). Small-cell lung can-
apy with imatinib, interferonx and low-dose cytarabine cer has a poor prognosis, with a median survival of ap-
and sequential therapy with high-dose cytarabine followed proximately 9 months [27]. The coexpression of stem cell
by imatinib. The results of these trials will be essential in factor and Kit is involved in a functional autocrine loop
designing future randomized phase Il trials in newly diag- in this disease, and imatinib has been shown to inhibit Kit
nosed CML to determine the relative efficacy of imatinib signaling and SCLC cell growth [28,29]. Clinical inves-
as a single agent as compared with imatinib in combination tigations are ongoing in patients with Kit-positive SCLC
therapy with either interferon-or cytarabine. to determine the feasibility and potential clinical activity
Other studies are exploring the use of imatinib-based of imatinib as a single agent or in combination with stan-
combination therapy in patients with advanced disease.dard chemotherapy. An essential part of these protocols is
For example, studies of patients with myeloid blast crisis clearly a very careful assessment by a central pathology
are evaluating imatinib in combination with high-dose cy- review of the expression patterns of Kit. In addition, the
tarabine; daunorubicin and cytarabine; and mitoxantrone, value of functional imaging using F-18-fluoro-2-deomy-
etoposide and cytarabine. Finally, the role of imatinib in glucose positron emission tomography (FDG-PET) scans
bone marrow transplantation protocols is being evaluatedwill be evaluated.
to determine whether it is feasible to administer the drug  Potential indications based on the PDGF receptor as
before or after transplant in order to decrease the rate ofthe imatinib-sensitive target include chronic myelomono-
relapse posttransplant. cytic leukemia (CMML), gliomas and prostate cancer
(Table 2). In prostate cancer, ongoing clinical research
includes one trial of imatinib in patients with hormone
refractory prostate cancer, a neoadjuvant study designed to
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Table 2
Potential therapeutic indications for imatinib based on c-Kit and the
PDGF receptor as the molecular target

will provide important information that is necessary for
dosing recommendations in children.

Following this initial study, phase Il trials are ongoing
in North America and Europe in children with CML and
acute lymphocytic leukemia (ALL), and exploratory mul-
titargeted protocols similar to the study described above,
but for patients with selected solid tumors, are also in the
planning phase.

c-Kit-expressing tumors PDGF receptor-expressing tumors

Gastrointestinal stromal cell
tumors

Small cell lung cancer
Neuroblastoma

Kit-positive acute myeloid

Chronic myelomonocytic
leukemia

Gliomas

Prostate cancer

Other solid tumors (e.g., breast,

leukemia ovarian, colon)
e Kit-positive non-Hodgkin’s e Bone metastasis )
lymphoma 5. Conclusion

The development of imatinib may have established a
new standard for the development of targeted cancer ther-
assess the effect of imatinib therapy on pharmacodynamicapy. This agent has only been in clinical development for
markers measured on tumor tissue at the time of prostate-3 years, but already it has set a record in the speed of
ctomy, and studies of the feasibility of combining imatinib approval by health authorities. The Food and Drug Ad-
with chemotherapy. In glioma patients, where the PDGF ministration approved imatinib after a 2.5-month review
receptor has been shown to play a role as a growth factorprocess, which is unprecedented in the field of oncology.
signal based on an autocrine loop, imatinib is being tested Despite the short development time, approximately 10 000

in single-agent and combined-modality regimens.

The approach to identify potential indications for ima-
tinib by selecting patients on the basis of their molecular
profile rather than their histological profile is being tested
in an open-label, multicenter, pilot study. This study was
designed to evaluate single-agent imatinib in patients with

patients with CML and more than 1000 patients with solid
tumors have been treated in clinical trials. Large phase
Il trials in CML and GIST are already ongoing, with
patient accrual already completed in several of them. This
exceptional clinical research effort will rapidly generate
invaluable knowledge that will be critical for the optimiza-

life-threatening malignant diseases known to be associatedion of the use of this agent in these diseases. The potential

with one or more imatinib-sensitive kinases. Eligible pa-
tients had tumors with no other treatment alternatives, and
either Kit expression on more than 50% of their neoplas-
tic cells or PDGF receptor apdr Abl expression with
additional proof of functional significance on the basis
of published literature or in vitro data. The study is still

of this drug in other cancers believed to involve either
Kit or PDGF-R signaling pathways will be better charac-
terized when the ongoing exploratory clinical studies are
completed.

ongoing and as of September 2001, a total of 48 patientSpeferences

with a wide range of malignancies have been enrolled. In-
terestingly, one patient described as having CMML with a
t(5;12) translocation achieved a complete hematologic and
cytogenetic response. A second patient with a myelopro-
liferative disorder with eosinophilia and skin involvement
and a genetic rearrangement involving the PDGF recep-
tor also responded to imatinib therapy [30]. These two
successes based on primary identification of the molec-
ular target support the premise of this clinical design
approach.

4.4. Using imatinib in children

The pediatric development program for imatinib in-
cludes a number of studies that are ongoing or are ex-
pected to start shortly. A phase | study of Philadelphia
chromosome-positive leukemias has closed accrual and re
sults are expected to be available by the end of 2001. In
a preliminary communication, four (29%) of 14 patients
at the first three dose levels of 260 to 440 /mg expe-
rienced grade 4 hematological toxicity, but the maximum

tolerated dose had not yet been reached [31]. This study
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