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Platelet-derived growth factor (PDGF) and its receptors
(PDGFR) are frequently coexpressed in meningiomas,
potentially contributing to their pathogenesis. The North
American Brain Tumor Consortium conducted a phase
IT study to evaluate the therapeutic potential of imatinib
mesylate (Gleevec), a PDGFR inhibitor, in patients with
recurrent meningiomas. Patients were stratified into
benign (WHO grade I) meningiomas or atypical (WHO
grade II) and malignant (WHO grade III) meningiomas.
The primary end point was 6-month progression-free
survival (6M-PFS). Patients requiring enzyme-inducing
antiepileptic drugs were ineligible. Patients received ima-
tinib at a dose of 600 mg/day for the first 4-week cycle
and then gradually increased to 800 mg/day for subse-
quent cycles, if there were no unacceptable toxicities.
Plasma concentrations of imatinib and its active metabo-
lite, CGP74588, were assessed. Twenty-three heavily pre-
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treated patients were enrolled into the study (13 benign,
5 atypical, and 5 malignant meningiomas), of whom 22
were eligible. The study was closed prematurely due to
slow accrual. Tissue was available only from a minority
of patients, but in these specimens there was uniform dis-
tribution of PDGFR, the drug target. Imatinib was gener-
ally well tolerated. Of 19 patients evaluable for response,
10 progressed at the first scan, and 9 were stable. There
were no complete or partial responses. Overall median
PFS was 2 months (range, 0.7-34 months); 6M-PFS was
29.4%. For benign meningiomas, median PFS was 3
months (range, 1.1-34 months); 6M-PFS was 45%. For
atypical and malignant meningiomas, median PFS was 2
months (range, 0.7-3.7 months); 6M-PFS was 0%. Cycle
1 trough concentrations of imatinib and CGP74588 were
2,129 + 1,600 ng/ml and 517 = 326 ng/ml, respectively.
Single-agent imatinib was well tolerated but had no
significant activity in recurrent meningiomas. Trough
plasma concentrations of imatinib exceeded those asso-
ciated with imatinib activity in chronic myelogenous leu-
kemia. Neuro-Oncology 11, 853-860, 2009 (Posted to
Neuro-Oncology [serial online], Doc. DO8-00173, March
17, 2009. URL http://neuro-oncology.dukejournals
.org; DOI: 10.1215/15228517-2009-010)
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eningiomas are primary central nervous sys-

tem (CNS) tumors composed of neoplastic

meningothelial cells. They account for more
than 20% of primary brain tumors in adults.’»? The
WHO classifies meningiomas into three main catego-
ries: benign meningioma (WHO grade I), atypical men-
ingioma (WHO grade II), and anaplastic (malignant)
meningioma (WHO grade I1I) based on the degree of
anaplasia, number of mitoses, and presence of necrosis.3
Surgery is the treatment of choice for most meningiomas.
Complete surgical resection confers long-term disease-
free survival.* In contrast, following subtotal resection,
progression-free survival (PFS) is only 20%-60% at 10
years.* A significant percentage of meningiomas, espe-
cially those involving the skull base, may not be surgi-
cally resectable.

Radiotherapy has assumed an increasingly impor-
tant role in the treatment of meningiomas.*~’ For subto-
tally resected benign meningiomas that are treated with
radiotherapy, the recurrence rate approximates that of
completely resected tumors.® Following radiotherapy for
an atypical or malignant meningioma, however, rates of
stable disease at 10 years are 13% and 0%, respectively.®
Stereotactic radiosurgery is useful in some cases, but
patients with multiply recurrent meningiomas or large
diffuse lesions may not be appropriate candidates.”®

For patients who develop recurrent disease following
surgery and radiation therapy, the treatment options are
limited. Although meningiomas express high levels of
hormonal receptors, hormonal therapy with antiestro-
gen and progesterone agents has been disappointing.'®!!
Similarly, therapy with conventional chemotherapeutic
agents is largely ineffective.'>~!® Hydroxyurea produces
disease stabilization in some patients,'*!¢"1% and there
are anecdotal reports of patients responding to recombi-
nant interferon-a 2b.!"S However, for most patients who
are refractory to conventional therapies, there are no
effective options.

There is accumulating evidence that platelet-derived
growth factor (PDGF) is important in meningiomas.
PDGF ligands AA and BB and PDGF receptor-3
(PDGFR-B) are present in the majority of menin-
giomas'?=30 regardless of grade,?®?® which suggests
the existence of an autocrine loop.?*?® Administration
of PDGF-BB to meningioma cells in culture stimulates
growth and activates mitogen-activated protein kinases>?
and c-fos,?? while anti—-PDGF-BB antibodies inhibit
tumor cell growth.?® These data suggest that PDGFR
inhibition may have therapeutic value in patients with
recurrent meningiomas.

Imatinib mesylate (Gleevec) is an inhibitor of the
Ber-Abl, PDGFR-a and -B, c-Fms, and c¢-Kit tyrosine
kinases,3! with antitumor activity in chronic myelog-
enous leukemia®?33 and in gastrointestinal stromal
tumors.>* The ability of imatinib to inhibit PDGFR-a or
-B (half-maximal inhibitory concentration [ICso] = 0.1
pM [49 ng/ml]) makes it a potentially attractive option
for recurrent meningioma therapy. The North American
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Brain Tumor Consortium (NABTC) conducted a phase
IT study to evaluate the therapeutic efficacy of imatinib
in patients with recurrent meningiomas.

Materials and Methods

Patient Eligibility

Adults (=18 years old) with histologically confirmed
meningiomas with unequivocal tumor recurrence by
MRI scans were eligible. A baseline MRI was performed
within 21 days of registration. Patients had to be on a
stable steroid dosage for =5 days. Patients were initially
required to have failed prior radiotherapy, but the pro-
tocol was later revised to improve accrual and allowed
patients who did not have radiotherapy if there was a
clear diagnosis of meningioma. Patients must have had
an interval of =4 weeks from the completion of radio-
therapy to study entry. There was no limitation on the
number of prior therapies. Additional eligibility criteria
included Karnofsky Performance Scale (KPS) score =
60, life expectancy = 8 weeks, adequate bone marrow
function (absolute neutrophil count = 2,000/pl, plate-
let count = 120,000/w1, hemoglobin = 10/dl), adequate
liver function (alanine transaminase and alkaline phos-
phatase < 2 times the upper limit of normal [ULN], bili-
rubin < 1.5 mg/dl), and adequate renal function (blood
urea nitrogen or creatinine < 1.5 times ULN). Due to
potential teratogenicity of imatinib, all patients of child-
bearing potential were required to use adequate birth
control. Pregnant women, patients with serious intercur-
rent medical illnesses, and patients with conditions that
could alter drug metabolism were excluded. To prevent
a potential interaction with imatinib, patients on war-
farin were excluded. Because patients on cytochrome
P450 enzyme-inducing antiepileptic drugs (EIAEDs)
have reduced exposure to imatinib when given at the
same dose as patients not taking EIAEDs,?* patients on
ETAEDs were ineligible.

The study was approved by the institutional review
board (IRB) of each participating institution and was
conducted in accordance with institutional and fed-
eral guidelines for human investigations. Patients were
informed of the investigational nature of the study and
signed IRB-approved informed consent forms prior to
enrollment.

Stratification

Patients were stratified according to histology: patients
with benign meningiomas, and patients with atypical or
malignant meningiomas.

Evaluation during Study

Medical history was taken and physical examina-
tion was performed at baseline and at the start of each
4-week cycle. MRI was performed at baseline and prior
to every other cycle (every 8 weeks). Response to treat-
ment was determined using the Macdonald criteria.3®
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Responses had to be present for two consecutive scans (8
weeks) and were centrally reviewed at the University of
California, San Francisco. Central review of pathology
was conducted by a neuropathologist at M. D. Anderson
Cancer Center (K.A.).

Treatment Plan

Imatinib was supplied by the National Cancer Institute,
Division of Cancer Treatment and Diagnosis, Can-
cer Therapy Evaluation Program under a Cooperative
Research and Development Agreement with Novartis
Pharmaceuticals. Patients were treated with imatinib
orally once (600 mg/day) or twice daily (800 mg/day).

Patients initially received imatinib at a dose of 600
mg/day for the first 4-week cycle. If there were no sig-
nificant treatment-related toxicities, the dose of imatinib
was increased to 700 mg/day for the second 4-week
cycle, and then to 800 mg/day for subsequent cycles.
Eight patients received 700 mg/day as the maximum
dose, and two patients received 800 mg/day.

Pharmacokinetic Studies

Heparinized venous blood samples (7 ml) were collected
before and at 1,2, 4, and 24 h after ingestion of imatinib
on day 8 of cycle 1 and, if possible, at the same times
on day 8 of cycle 3. If possible, blood samples were also
obtained before imatinib ingestion on day 15 of cycles
1 and 3 and day 1 of cycles 2, 3, and 4. Blood samples
were centrifuged immediately at 1,200 g for 5 min.
The resulting plasma was removed, transferred to poly-
propylene screw-cap tubes, and frozen at —20°C until
analysis for concentrations of imatinib and its active
metabolite, CPG74588. Concentrations of imatinib and
CGP74588 in plasma were determined using a validated
liquid chromatography/mass spectrometry assay.>’

Immunobhistochemical Analysis of PDGFR Expression

Available paraffin-embedded tumor tissue was obtained
when possible and stained for PDGFR-« and -B. Sections
5 wm thick were cut and immunostained with antibod-
ies to CD31 (Dako, Glostrup, Denmark; prediluted) and
to PDGFR-a and PDGFR- (Cell Signaling Technology,
Beverly, MA, USA; 1:100). Epitopes were unmasked by
heating the sections in a water bath at 99°C for 20 min
in ethylenediaminetetraacetic acid (EDTA) solution (pH
9.0), and endogenous peroxidase activity was blocked
by incubating with 0.03% H,0, in water for 20 min.
Primary antibodies were applied overnight at 4°C (with
exception of CD31, for which incubation was performed
at room temperature for 15 min), and 3,3'-diaminobenz-
idine (Dako EnVision+ System, Peroxidase) was used for
detection. Positive control and negative control (where
antibody was omitted) were included in each batch.
Semiquantitative analysis was performed scoring the
intensity of staining of tumor cells and blood vessels on
a scale from 0 (no staining) to 3 (strong staining).
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Statistical Considerations

The primary end point was PFS at 6 months (6 M-PFS)
from the time of registration. The initial plan was to
enroll 30 patients into each group. Sample size calcula-
tions considered that no effective therapy exists for recur-
rent meningioma following surgery and radiation ther-
apy. For the atypical and malignant meningioma group,
the null hypothesis indicated that 6M-PFS is <10%. In
order for imatinib to warrant further study in atypical
and malignant gliomas, we stipulated that it would need
to increase 6 M-PFS to =30%. With 30 patients enrolled,
the study had 92% power to detect such a difference.
The « error was set at 8%. Of 30 patients, at least six
had to achieve 6M-PFS for the results to be interpreted
as favorable. For the benign meningioma group, the null
hypothesis indicated that 6M-PFS is <50%.!! In order
for imatinib to warrant further study in benign men-
ingiomas disease, we stipulated that it would need to
increase 6M-PFS to =75%. With 30 patients enrolled,
the study had 89% power to detect such a difference.
The «a error was set at 5%. Of 30 patients, at least 20
had to achieve 6M-PFS for the results to be interpreted
as favorable.

Pharmacokinetic data were summarized as descrip-
tive statistics. Imatinib and CGP74588 concentrations
in day 8 pretreatment and 24-h (day 9 pretreatment)
samples were compared using the two-tailed Wilcoxon
signed ranks test (SPSS 15.0 for Windows; SPSS Inc.,
Chicago, IL). A p-value of 0.05 was considered statisti-
cally significant.

Results

Patient Characteristics

Between June 2003 and August 2005, 23 patients were
enrolled into the study, of whom 22 were eligible. One
patient had a second malignancy within 3 years of reg-
istration and was ineligible. Although the study was ini-
tially designed to include a larger number of patients,
accrual was stopped earlier than planned because of lim-
ited activity and slow accrual. Patient characteristics are
summarized in Table 1. There were 13 women and 10
men, with median age of 58 years (range, 2675 years).
Median KPS score was 80 (range, 60-100). One patient
had neurofibromatosis. All patients had multiple prior
surgeries, and 20 had prior radiotherapy. Seven patients
had one prior chemotherapy (three benign meningiomas,
two atypical meningiomas, and two malignant menin-
giomas). Three benign meningioma patients had one
prior hormonal therapy.

Toxicity Data

Toxicity data are summarized in Table 2. Two patients
discontinued treatment as a result of toxicities; other-
wise, the drug was generally well tolerated. In addition,
one patient had grade 4 neutropenia, and one had a small
asymptomatic intratumoral hemorrhage. One patient
each had grade 3 anemia, elevated serum glutamic pyru-
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Table 1. Patient characteristics

Table 2. Grade 3 or 4 adverse events related to imatinib

Characteristic Value Adverse Event Grade 3 Grade 4

Patients enrolled, n 23 Hematologic

Eligible patients, n 22 Anemia 1 0

Sex, n (%) Leukopenia 1 0
Male 10 (43) Neutropenia 1 1
Female 13 (57) Nonhematologic

Age (years) CNS hemorrhage? 0 0
Median 58 Dehydration 1 0
Range 26-75 Dizziness 1 0

KPS score Elevated serum glutamic pyruvic transaminase 1 0
Median 80 Hypophosphatemia 2 0
Range 60-100

Histology, n (%)

Benign (WHO grade I) 13 (57)

Atypical (WHO grade I1) 5(22)

Anaplastic (WHO grade I11) 5(22)
Prior surgeries, n

Median 3

Range 1-8
Prior radiation therapies, n

Median 1

Range 0-5
Prior chemotherapy regimens, n

Median 0

Range 0-2

vic transaminase, dizziness, dehydration, neutropenia,
and leukopenia, and two patients had grade 3 hypophos-
phatemia.

Efficacy Data

Overall, 6M-PFS was 29.4%. For benign meningiomas,
6M-PFS was 45%; for atypical and malignant menin-
giomas, 6 M-PFS was 0%. Overall median PFS was
2 months (range, 0.7-34 months). For benign men-
ingiomas, median PFS was 3 months (range, 1.1-34
months); for atypical and malignant meningiomas,
median PFS was 2 months (range, 0.7-3.7 months).

Nineteen patients were evaluable for response. Ten
patients progressed at the first scan; nine were stable.
There were no partial responses.

aThere was one grade 1 intratumoral hemorrhage.

Pharmacokinetic Results

Complete cycle 1 day 8 pharmacokinetic data were
available for 14 of the 22 eligible patients enrolled into
the study (Table 3). Imatinib concentrations in day 8
pretreatment (2,129 = 1,600 ng/ml) and 24-h (2,248
= 1,408 ng/ml) plasma samples were not significantly
different. This was also true for concentrations of
CGP74588 in day 8 pretreatment (517 + 326 ng/ml)
and 24-h (517 = 275 ng/ml) plasma samples. Maximum
plasma concentrations of imatinib (4,452 = 2,421 ng/
ml) were observed at 2 h in 3 patients and at 4 h in the
other 11, while maximum plasma concentrations of
CGP74588 (906 = 409 ng/ml) were observed at 2 h in 4
patients and at 4 h in the other 10.

Results of Immunobhistochemical Studies

Tumor specimens were available from only seven
patients. Five of these yielded adequate tissue to validate
PDGFR-a and -B receptor expression status. Results
are summarized in Table 4. Both receptor proteins were
expressed on tumor cells in all patients (Fig. 1). Positive
staining in tumor cells was diffusely present in >90%
of tumor cells in all patients for both receptors, con-
sistent with uniform distribution of the drug target in
tumor cells. Overall levels of receptor expression were
generally mild to moderate. Staining in vessels was also
evaluated. PDGF-a receptor expression was present in
most vessels in two patients and less than 5% of vessels

Table 3. Pharmacokinetic values for imatinib and its active metabolite, CGP74588, on day 8 of

cycle 1 (ng/ml)

Imatinib CGP74588
Pre 24 h Crnax Pre 24 h Crnax
Mean 2,129 2,248 4,452 517 517 9206
SD 1,600 1,408 2,421 326 275 409
Median 1,702 2,066 4,361 456 477 847
Minimum 596 626 1,942 210 183 323
Maximum 6,532 6,133 12,063 1,310 1,068 2,000

Abbreviations: Pre, day 8 pretreatment sample; 24 h, 24-h (day 9 pretreatment) sample; Cnax, maximum plasma concentration.
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Table 4. Results of immunohistochemical studies

PDGFR-« Staining

Wen et al.: Imatinib mesylate for recurrent meningiomas

PDGFR-p Staining

Specimen Tumor Cells? Blood Vessels®  Tumor Cells  Blood Vessels? Response  PFS (Months)
1 2+ Few 3+ Some PD 2
2 3+ All 3+ All SD 9
3 3+ Few 3+ Some SD 6
4 1+ All 1+ All PD <1
5 3+ Few 3+ Some SD 7

Abbreviations: PDGFR, platelet-derived growth factor receptor; PFS, progression-free survival; PD, progressive disease; SD, stable disease.

2Expression-level intensity in tumor vessels: 1+, faint but distinct; 2+, strong; 3+, very strong.

bPercentage of tumor cells expressing protein: few, less than 5%; some, 10%-20%; all, >60%.

in three patients. PDGF-f receptor expression was pres-
ent in most vessels. There were insufficient samples to
allow PDGFR-a and -B expression to be correlated with
treatment outcome with imatinib.

Discussion

Coexpression of PDGF and PDGFR in meningiomas
suggests the possibility that autocrine or paracrine
loops drive meningioma growth. In this small phase II
study, the NABTC evaluated the therapeutic efficacy of
imatinib mesylate, a PDGFR inhibitor, in patients with
recurrent meningiomas. The drug was generally well tol-
erated, with only one grade 4 toxicity. Imatinib has been
associated with an increased incidence of intratumoral
hemorrhages in previous trials in patients with glioblas-
tomas®’ and brainstem gliomas,3® but in this study only
one patient developed an asymptomatic intratumoral

Figure 1A . ) € g

hemorrhage. However, imatinib showed no significant
evidence of activity. No patients achieved a radiographic
response. 6 M-PFS for benign meningiomas was 45%,
and for atypical and malignant meningiomas, it was 0%.
Because data on the natural history of untreated recur-
rent meningiomas are limited, our results are difficult
to interpret. The present results with imatinib appear
inferior to those reported with RU486'! and hydroxy-
urea.'®!” However, the population studied here includes
more patients with atypical and malignant meningiomas
and more extensive pretreatment. These factors poten-
tially account for poorer outcomes.

The pharmacokinetic data in this trial are consis-
tent with previously published descriptions of imatinib
pharmacokinetics.?>*" In only two patients were trough
imatinib concentrations less than the 1,000 ng/ml value
being targeted in patients with chronic myelogenous leu-
kemia,*'*? and in eight patients, trough concentrations

Fig. 1. PDGFR Immunohistochemistry. (A) Stain-
ing for PDGFR-a. (B) Staining for PDGFR-B. In the
inset, the arrow shows a blood vessel; the arrow-
head shows positive tumor cells. Magnification:

A and B, X10; inset, X40.
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were >1,500 ng/ml. The range of plasma trough imatinib
concentrations (596-6,532 ng/ml) is approximately 12-
to 133-fold greater than the reported ICsq for imatinib
inhibition of PDGFR (49 ng/ml); however, such data need
to be considered in light of the high protein binding of
imatinib in plasma compared with in vitro studies, where
there is a much lower protein concentration.

Several factors may contribute to the disappointing
results with single-agent imatinib in meningiomas. There
is a paucity of data regarding the molecular changes that
drive meningioma growth. Although PDGFR autocrine/
paracrine loops contribute to meningioma proliferation,
it is unclear whether PDGFRs are the critical tyrosine
kinases for tumor maintenance. It is possible that inhi-
bition of PDGFR alone is insufficient to prevent growth
of meningiomas and that other tyrosine kinases, such
as the epidermal growth factor receptor (EGFR) and
insulin-like growth factor receptor, may play a greater
role in maintaining the transformed phenotype. In addi-
tion, most of the patients in this study had very advanced
disease and were heavily pretreated. Molecular altera-
tions in these patients are highly complex, and single-
agent tyrosine kinase inhibitors such as imatinib may
be effective only in patients with less advanced disease.
An attempt was made to correlate tumor genotype with
response. Although expression of both receptors was
validated in all five tumors, because only five specimens
were available for analysis, no correlation was observed
between expression of PDGFR-a and - on meningiomas
and PFS following therapy with imatinib. In this context,
it is important to note that PDGFRs are also present on
the pericytes of blood vessels, and blocking PDGFR sig-
naling in these cells makes them dysfunctional and can
make blood vessels more leaky.** This enhanced leaki-
ness could potentially increase edema and compromise
the efficacy of agents that primarily target PDGFR.#*

With other brain tumors such as malignant gliomas,
limited penetration of imatinib across the blood-brain
barrier (BBB) may limit efficacy. Because meningiomas
are usually supplied by meningeal vessels and do not
have an intact BBB, this is less likely to be an issue for
meningioma. Nonetheless, the extent to which imatinib
penetrates meningiomas and effectively inhibits PDGFR
in vivo is unknown. More potent PDGFR inhibitors with
improved penetration, or the combination of imatinib
with drugs that inhibit P-glycoprotein or other drug
efflux pumps, might improve efficacy.

Several studies suggest that the combination of ima-
tinib with hydroxyurea may be more effective against
recurrent malignant gliomas than either agent alone.*#¢
Factors that may contribute to this increased activ-
ity include complementary antiangiogenic activity,
enhanced chemotherapy delivery related to reduction of
tumor interstitial pressure by imatinib, or enhanced drug
delivery related to modulation of ATP-dependent trans-
porter proteins. Because hydroxyurea itself has modest
single-agent activity in meningiomas, a trial evaluating
the combination of imatinib with hydroxyurea in recur-
rent meningiomas is under way.

This trial represents one of the first studies of a tar-
geted molecular agent in meningiomas. Although ima-
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tinib itself showed no significant activity, the use of
targeted agents for meningiomas represents a promising
and largely unexplored therapeutic area.*” EGFRs are
expressed in more than 60% of meningiomas %% and
represent a possible target. The NABTC recently com-
pleted two small studies of EGFR inhibitors (gefitinib
and erlotinib) in patients with recurrent meningiomas.
The results of these studies should become available in
the near future. There is also increasing evidence that
vascular EGFR and the mitogen-activated protein kinase
and phosphoinositide-3-kinase/Akt pathways are upreg-
ulated in meningiomas, making them potential targets
of therapy.*” However, the rational use of the growing
armamentarium of targeted agents in meningiomas will
depend on improved understanding of the critical molec-
ular changes that drive the growth of these tumors.

In summary, single-agent imatinib was reasonably
well tolerated but has minimal activity in recurrent men-
ingiomas. Treatment of meningiomas with imatinib in
combination with hydroxyurea or with other targeted
molecular agents may be more effective.
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