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Abstract Purpose: The microtubule-stabilizing agent
patupilone (epothilone B, EPO906) and the tyrosine
kinase inhibitor imatinib (STI571, Glivec) which pri-
marily inhibits Bcr-Abl, PDGF and c-Kit tyrosine
kinase receptors, were combined in vivo to determine
if any interaction would occur with respect to antitu-
mour effect and tolerability using rat C6 glioma xe-
nografted into nude mice. Methods: Patupilone and
imatinib were administered alone or in combination at
suboptimal doses. Imatinib treatment (orally once
daily) was initiated 4 days after s.c. injection of rat C6
glioma cells into athymic nude mice and patupilone
administration (i.v. once per week) was started 3 or
4 days after imatinib treatment. Results: As a single
agent, imatinib was inactive in the regimens selected
(100 mg/kg: T/C 86% and 116%; 200 mg/kg: T/C
68% and 84%; two independent experiments), but well
tolerated (gain in body weight and no mortalities).
Patupilone weekly monotherapy demonstrated dose-
dependent antitumour effects (1 mg/kg: T/C 67% and
70%; 2 mg/kg: T/C 32% and 63%; 4 mg/kg: T/C 3%
and 46%). As expected, dose-dependent body weight
losses occurred (final body weight changes at 1 mg/kg
were �7% and �3%; at 2 mg/kg were �23% and
�13%; and at 4 mg/kg were �33% and �15%).
Combining 2 mg/kg patupilone and 200 mg/kg per
day imatinib in one experiment produced a non-sta-
tistically significant trend for an improved antitumour
effect over patupilone alone (combination, T/C 9%),

while in the second experiment, enhancement was seen
with the combination and reached statistical signifi-
cance versus patupilone alone (combination, T/C 22%;
P=0.008). Reduction of the imatinib dose to 100 mg/
kg per day resulted in no enhancement of antitumour
activity in combination with 2 mg/kg patupilone.
Reduction of the patupilone dose to 1 mg/kg resulted
in a reduced antitumour effect, and only a trend for
synergy with either imatinib dose (combination, T/C
46% and 40%). Pooling the data from the two
experiments confirmed a significant synergy for the
combination of 2 mg/kg patupilone and 200 mg/kg per
day imatinib (P=0.032), and a trend for synergy at
the 1 mg/kg patupilone dose. Reduction in the imati-
nib dose to 100 mg/kg per day resulted only in addi-
tivity with either dose of patupilone. Body weight
losses were dominated by the effect of patupilone,
since no greater body weight loss was observed in the
combination groups. Conclusion: Combining patupi-
lone with high-dose imatinib produced an increased
antitumour effect without affecting the tolerability of
treatment in a relatively chemoresistant rat C6 glioma
model. Such results indicate that further evaluation is
warranted, in particular to elucidate possible mecha-
nisms of combined action.
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Introduction

Imatinib (STI571, Glivec) is a potent and selective
inhibitor of the protein tyrosine kinase activity of Abl/
Bcr-Abl and the receptors for platelet-derived growth
factor (PDGF) and stem cell factor (SCF), c-Kit [13, 15].
In vivo, as a single orally administered agent imatinib
shows antitumour activity against human and murine
tumours in athymic nude mice [19] and is a clinically
active monotherapy against chronic myelogenous leu-
kemia (CML) and gastrointestinal stromal tumours
(GIST) [15]. In order to improve its antitumour effects
and combat the emergence of drug resistance, imatinib is
being evaluated in combination with conventional anti-
cancer agents [36, 38, 56]. The interaction between
imatinib and conventional (largely antileukaemia) agents
indicates that for a given combination, positive or neg-
ative interactions can occur dependent upon the cellular
system, the ratio of imatinib and the partner drug, and
the absolute concentrations of each partner [50]. Adding
various conventional agents to imatinib may lead to an
increase in apoptotic events in CML cells [20, 40].

Less information is available regarding drug com-
binations containing imatinib against the growth of solid
tumours. Small-cell lung cancers frequently overexpress
c-Kit and blocking of SCF activity by imatinib can in-
duce apoptotic events, but fails to enhance the activity of
carboplatin or etoposide in vitro [37]. Imatinib inhibits
the phosphorylation of PDGFR in experimental peri-
toneally located ovarian tumours, but is without signif-
icant effect on the growth of the tumour mass. Imatinib
does, however, improve the antitumour effect of paclit-
axel [6]. Imatinib has a slight antitumour effect against
orthotopic L3.6pl pancreatic tumours concordant with
reduction in the level of phosphorylated PDGFR, and it
potentiates the effect of gemcitabine [29]. In both the
ovarian and pancreatic tumour models, inhibition of
PDGFR on both tumour and endothelial cells by
imatinib has been observed.

In a model of prostate cancer bone metastases,
paclitaxel and imatinib in combination have shown
superior antitumour activity compared to monothera-
pies [58]. Zhang et al. have demonstrated synergistic
interaction of imatinib and cisplatin against A549 lung
carcinoma cells [59]. Imatinib enhances the activity of
5-fluorouracil against syngeneic PROb colon tumours in
BDIX rats and of paclitaxel against experimental KAT-
4 tumours in SCID mice [44]. These effects have been
observed only in vivo and have been shown to be due to
enhanced uptake of the conventional agent following
reduction of tumour interstitial fluid pressure (IFP)
through modulation of PDGF signaling by imatinib
[43, 44]. A similar effect has been observed with com-
binations involving imatinib and the epothilone pat-
upilone [45].

Paclitaxel is active in the nanomolar range against
glioma cell lines in vitro [14, 53], inhibiting both cell
growth and motility. Paclitaxel treatment also inhibits

the invasive capacity of gliomas in vitro [55] and sensi-
tizes gliomas to radiation-induced cytotoxicity [24].
Paclitaxel is active in subcutaneous glioma xenograft
models, slowing tumour growth but without producing
regression [26, 49]. However, paclitaxel penetrates
poorly brain tissue of normal rats or rats bearing
orthotopic C6 gliomas [23]. Clinically, although paclit-
axel penetrates the blood-brain barrier poorly of pa-
tients without brain malignancies, conflicting data exist
regarding brain tissue penetration in glioma patients.
Thus, Heimans et al. have found that paclitaxel is able to
penetrate to therapeutic levels [25], while Glantz et al.
have reported poor penetration [23]. However, both
Taxol [46] and Taxotere [21] have been evaluated in
phase II trials in glioma, without conclusive evidence of
activity. This suggests that although microtubules ap-
pear to be a valid target for the treatment of glioma, the
current microtubule inhibitors of the taxane class may
be insufficient for effective treatment.

The epothilones, secondary metabolite macrolides
produced by the cellulose-degrading myxobacterium
Sorangium cellulosum [27] represent a novel class of non-
taxane microtubule-stabilizing natural products. Pre-
clinical work has shown that patupilone (epothilone B,
EPO906) is the most active variant among the natural
epothilones. Like paclitaxel, patupilone promotes the
polymerization of tubulin heterodimers into microtubule
polymers, and stabilizes microtubules against depoly-
merization, resulting in mitotic cell cycle arrest and
eventually cell death via apoptosis [2, 4, 5, 10]. However,
albeit supported only by limited data, Broker et al. have
suggested that cell death due to epothilone exposure may
occur without induction of apoptosis [11]. Patupilone
has been found to be more potent than the taxanes, and,
importantly, to retain activity in vitro and in vivo
against taxane-resistant cancer cells overexpressing P-gp
or bearing b-tubulin mutations [5, 10, 22, 57]. Addi-
tionally, patupilone may possesses antiangiogenic
activity through cytotoxicity against endothelial cells [8].
Thus, both this compound class as well as the target are
considered to have great potential for the treatment of
cancer [2, 3].

Imatinib has shown single-agent activity in preclinical
models of glioma [35], and since imatinib produces po-
sitive interactions with microtubule-active agents such as
paclitaxel, docetaxel and vincristine [38, 56], the purpose
of the present study was to evaluate the tolerability and
antitumour effectiveness of imatinib in combination with
patupilone in rat C6 glioma tumour xenografts in
BALB/c nude mice.

Methods

Materials

Patupilone and imatinib were obtained from Chemical
Development, Novartis Pharma (Basel, Switzerland).
Healthy pathogen-free female BALB/c nu/nu (athymic
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nude) mice were obtained from Iffa Credo (L’Arbresle,
France). Liquid media, fetal bovine serum (FBS) and
medium additives were from Life Technologies (Basel,
Switzerland).

Cells and cell culture conditions

The rat C6 cell line was obtained from the American
Type Culture Collection (ATCC, Rockville, Md.). Rat
C6 cells possess functional PDGFRs, proliferate in re-
sponse to PDGF, are growth-inhibited by PDGFR
inhibitors [1, 39, 52] and grow rapidly as subcutaneous
(s.c.) tumours in mice. The cells were cultured in DMEM
(high glucose), 10% v/v FBS, 1% w/v glutamine 1% v/v
penicillin-streptomycin and incubated at 37�C under an
atmosphere containing 5% v/v CO2 and 80% relative
humidity. Cell monolayers (60–80% confluent) were
used to establish subcutaneous tumours in BALB/c nu/
nu athymic nude mice as described below.

Preparation, administration and scheduling
of compounds

Patupilone was dissolved in PEG300 and then diluted
with physiological saline (0.9% w/v NaCl) to obtain a
mixture of 30% v/v PEG300 and 70% v/v physiological
saline for i.v. administration to mice. The injection
volume was 10 ml/kg i.v. Imatinib was dissolved in
Ca2+-free and Mg2+-free Dulbecco’s phosphate-buf-
fered saline (PBS). The solution was administered by
gavage (oral administration) at 10 ml/kg. Formulated
compounds were prepared just prior to administration
to the mice.

Patupilone and imatinib were administered alone or
in combination in suboptimal regimens starting 4 days
after s.c. injection of rat C6 glioma cells into athymic
nude mice. Two independent experiments were per-
formed. When the tumours reached about 75 mm3

(day 4), imatinib treatment was begun at 100 or 200 mg/
kg orally every 24 h. In experiment 1, on days 7 and 15
after cell injection, patupilone was administered i.v. at 1,
2 or 4 mg/kg. In experiment 2, on days 8 and 15 after
cell injection, patupilone was administered i.v. at 1 and
2 mg/kg, and on day 8 only at 4 mg/kg. Thus, the first
treatment with patupilone was always 3 days after the
initiation of treatment with imatinib. This schedule was
used since experiments in another nude mouse tumour
model had shown it to be the most favourable schedule
for increasing the efficacy of this combination [45].

Assessment of in vivo antitumour activity against s.c.
transplanted tumours and host toxicity

Female BALB/c athymic nude mice were kept under
pathogen-controlled optimal hygienic conditions with
free access to food and water. Tumours were initiated by
the s.c. injection of 1·106 rat C6 cells. Tumour growth

and body weights were monitored twice weekly. All
treatments were initiated when the mean tumour volume
reached approximately 75 mm3. Tumour volumes were
determined according to the formula length · diameter2

· p/6, where ‘‘length’’ is the longest dimension and
‘‘diameter’’ the shortest. In addition to presenting
changes in tumour volumes over the course of treatment,
antitumour activity is expressed as %T/C (mean increase
in tumour volumes of treated animals divided by the
mean increase in tumour volumes of control animals
multiplied by 100). Note that for the %T/C parameter
standard deviations cannot be calculated. Tumour
regression (%) was calculated as [(mean tumour volume
at the end of treatment minus mean tumour volume at
the start of treatment)/mean tumour volume at the start
of treatment]·100.

Toxicity was determined by changes in body weight
versus those recorded in the vehicle-treated controls. No
other obvious toxicity was observed in the host nude
mice, e.g., diarrhoea (the dose-limiting toxicity observed
in clinical trials), although we have observed that some,
but not all, rat strains show delayed diarrhoea 3–5 days
after injection of patupilone.

Measurement of tumour interstitial fluid pressure (IFP)

The IFP of s.c. C6 tumours was measured using the wick-
in-needle method as described previously [45]. Briefly,
mice were divided into 3 groups of 6 mice and anesthe-
tised using 2.5% isoflurane delivered at 2 L/min. A
standard 23-gauge needle connected to a pressure trans-
ducer, was inserted into the central part of s.c. grown C6
tumours (mean volume of 500 mm3) and the pressure
monitored for a period of 10 min. Mice were then treated
daily for 3 days using vehicle, or 100 or 200 mg/kg
imatinib (p.o.) before a repeat measurement of IFP.

Statistics

The results are presented as mean±SEM. The differ-
ences in tumour volumes or delta tumour volumes were
statistically analysed using a one-way ANOVA with
post hoc Tukey test to compare all groups. In some
cases, the data were normalized by taking log10 prior to
statistical analyses. Within-group differences in body
weights were determined using paired t-tests, and be-
tween-group differences used a one-way ANOVA with
Tukey tests post hoc. For all tests, the level of signifi-
cance was set at P<0.05. Statistical calculations were
performed using SigmaStat 2.0 (Jandel Scientific). In
addition, the significance of combination data was as-
sessed using the method of Clarke’s interaction (synergy,
additivity or antagonism) from the T/C values as defined
above [17]. For compound A or B or the combination
AB, the T/C values for the individual treatments are
multiplied together; if the result (the calculated Clarke
combination index) is greater than the T/C for the actual

309



combination (experimental), then synergy is assumed, if
it is very similar, additivity is assumed, and if it is lower,
then antagonism is assumed.

Results

Dose response of patupilone or imatinib monotherapy
against C6 glioma tumours

Figure 1a presents the dose-dependent antitumour
response following two administrations of patupilone

(days 7 and 15 after tumour cell injection). Whereas
1 mg/kg patupilone produced a non-significant trend for
antitumour activity (T/C 67%), profound antitumour
effects were seen with 2 mg/kg (T/C 32%) and 4 mg/kg,
the latter dose producing essentially stable disease (T/C
3%). All patupilone regimens also produced dose-
dependent body weight losses (1 mg/kg �7%; 2 mg/kg
�23%; 4 mg/kg �33%); in our experience with patupi-
lone these bodyweight losses are transient andmortalities
rare. However, there was one death at the 4 mg/kg dose
occurring 3 days after the second patupilone treatment.
At the doses chosen for this study, once-daily imatinib
(beginning 4 days after tumour cell injection) produced
only minor antitumour responses, but still retained a
trend for a dose-response (100 mg/kg per day T/C 86%;
200 mg/kg per day T/C 68%). Imatinib treatments were
extremely well tolerated with no significant body weight
changes as compared with vehicle-treated controls
(Fig. 1b). Imatinib is more active in this tumour model
using a twice-daily regimen: 50 mg/kg T/C 80%; 100 mg/
kg T/C 59%; 200 mg/kg T/C 44% (data not shown).

Fig. 1 Dose dependence of patupilone and imatinib monotherapy
against rat C6 glioma tumour xenografts in female BALB/c
athymic nude mice. Tumours were initiated by s.c. injection of
1·106 rat C6 cells (n=8/group). When the tumours reached about
75 mm3 (day 4), imatinib treatment was begun at 100 or 200 mg/kg
orally every 24 h (day 4). Patupilone was administered i.v. on
days 7 and 15 after cell injection at 1, 2 or 4 mg/kg. There was one
death in the 4 mg/kg patupilone group on day 18 (3 days after the
second patupilone administration). *P<0.05 versus vehicle-treated
controls (one-way ANOVA, Tukey analysis post hoc)
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Antitumour effects of combined patupilone and imatinib
(first experiment)

Based upon the previous data, 2 mg/kg patupilone and
200 mg/kg per day imatinib were combined (Fig. 2 and
Table 1). A clear trend for improved antitumour effect
of the combination compared to the monotherapies was
observed: patupilone alone T/C 32%; imatinib alone
T/C 68%; combination T/C 9% (similar to 4 mg/kg
patupilone alone), although the combination was not
significantly different from the individual treatments.
There was no exacerbation of body weight loss in the
combination treatment group, although there was one
death, which occurred 5 days after the first patupilone
treatment. Considering delta tumour volumes as the
endpoint measure, Clarke’s CI showed that patupilone
and imatinib interacted synergistically in terms of
antitumour effect at 2 and 200 mg/kg, respectively (see

Table 1). However, reduction of the imatinib dose to
100 mg/kg per day abrogated the synergistic interaction
(imatinib alone T/C 86%; patupilone T/C 32%; com-
bination T/C 31%). Again, there was no exacerbation of
body weight loss in the combination treatment group.

Fig. 2 Antitumour activity of patupilone and imatinib alone or in
combination against rat C6 glioma tumour xenografts in female
BALB/c athymic nude mice (first experiment). Tumours were
initiated by s.c. injection of 1·106 rat C6 cells (n=8 per group).
When the tumours reached about 75 mm3, imatinib treatment was
started at 200 mg/kg orally every 24 h (day 4). On days 7 and 15
after cell injection, patupilone was administered i.v. at 2 mg/kg.
Delta values represent the difference between the initial values
(day 4) and values on the final day of the experiment (day 18)
(IMA imatinib, PAT patupilone). There was one death in the
200 mg/kg imatinib plus 2 mg/kg patupilone group (on day 12,
5 days after the first patupilone administration). *P<0.05 versus
vehicle-treated controls (one-way ANOVA, Tukey analysis post
hoc)
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Similarly, when the patupilone dose was reduced to
1 mg/kg, the Clarke CI showed only additivity at both
doses of imatinib (Table 1). Body weight losses were
apparently again dominated by the patupilone effect, as
no increase in body weight loss was observed in the
combination groups.

Antitumour effects of combined patupilone and imatinib
(second experiment)

Figure 3 summarizes the data obtained in the repeat
experiment (see Table 1). As in the first experiment, the
combination of 2 mg/kg patupilone and 200 mg/kg per
day imatinib resulted in an improved antitumour effect
compared to monotherapy: patupilone alone T/C 63%;
imatinib alone T/C 84%; combination T/C 22%. The
T/C of the combination was significantly better than
2 mg/kg patupilone alone (P=0.008) and better than
4 mg/kg patupilone alone (T/C=46%). Body weight
losses were again apparently dominated by the patupi-
lone effect, as no increase in body weight loss was ob-
served in the combination group over 2 mg/kg
patupilone alone. Reduction in the imatinib dose to
100 mg/kg per day also enhanced the activity of 2 mg/kg
patupilone alone, although to a lesser extent than that
seen with the 200 mg/kg per day dose (imatinib alone
T/C 116%; combination T/C 58%), but this did not
reach significance. The Clarke CI showed that patupi-
lone and imatinib interacted synergistically in terms of
antitumour effect at this high dose of imatinib (Table 1).

Reduction of the patupilone dose to 1 mg/kg reduced
the antitumour effect, but the trend for potentiation in
combination with 200 mg/kg per day imatinib remained:
patupilone alone T/C 70%; imatinib alone T/C 84%;
combination T/C 40%, not statistically significant versus
1 mg/kg patupilone alone, but equivalent to 4 mg/kg
patupilone alone (T/C 46%). The Clarke CI showed
synergy. Again, body weight losses were dominated by
the patupilone effect, and no exacerbation of body
weight loss was observed in the combination group.
Reduction of the imatinib dose to 100 mg/kg per day
abrogated the enhancement of antitumour activity
(imatinib alone T/C 116%; patupilone alone T/C 70%;
combination T/C 71%) and the Clarke CI showed
additivity (Table 1).

Antitumour effects of combined patupilone and imatinib
(meta analysis of data from pooled experiments)

The meta analysis confirmed a dose-response for pat-
upilone antitumour activity (T/C values of 28, 50 and
68% for 4, 2 and 1 mg/kg, respectively) and that
imatinib was not significantly active at either dose
(Fig. 4, Table 2). The Clarke CI showed that high-dose
imatinib (200 mg/kg per day) synergistically enhanced
patupilone antitumour activity versus monotherapy to
give T/C values of 17% (2 mg/kg) and 36% (1 mg/kg),T
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similar or better than high-dose patupilone (4 mg/kg)
alone, and this was statistically significant for the 2 mg/
kg dose (P=0.032). However, low-dose imatinib showed

Fig. 3 Antitumour activity of patupilone and imatinib alone or in
combination against rat C6 glioma tumour xenografts in female
BALB/c athymic nude mice expressed as delta changes (second
experiment). Tumours were initiated by the s.c. injection of 1·106
rat C6 cells (n=8 per group). When the tumours reached about
75 mm3, imatinib treatment was begun at 100 mg/kg or 200 mg/kg
orally every 24 h (day 4). On days 8 and 15 after cell injection,
Patupilone was administered i.v. at 1 and 2 mg/kg and on day 8
only at 4 mg/kg. Delta values are the difference between the initial
values (day 4) and the values on the final day of the experiment
(day 19) (IMA imatinib, PAT patupilone). There were no deaths.
*P<0.05 versus vehicle-treated controls, and as shown in the figure
for other comparisons; one-way ANOVA with Tukey analysis post
hoc for pairwise comparisons

Fig. 4 Antitumour activity of patupilone and imatinib alone or in
combination against rat C6 glioma tumour xenografts in female
BALB/c athymic nude mice expressed as delta changes (meta
analysis of pooled data). Tumours were initiated by the s.c.
injection of 1·106 rat C6 cells (n=8 per group). When the tumours
reached about 75 mm3, imatinib treatment was begun at 100 or
200 mg/kg orally every 24 h. Patupilone was administered i.v. at 1,
2 and 4 mg/kg. The data presented are pooled data from
experiments 1 and 2 presented in Table 2. Delta values are the
difference between the initial values and the values on the final day
of the experiment (IMA imatinib, PAT patupilone). *P<0.05
versus vehicle-treated controls, P=0.032 for patupilone alone
(2 mg/kg) versus imatinib (200 mg/kg) + patupilone (2 mg/kg);
one-way ANOVA with Tukey analysis post hoc for pairwise
comparisons

313



only additivity: T/C values of 52% and 64% for 2 and
1 mg/kg patupilone, respectively (Table 2). Imatinib did
not impact negatively on body weights, while patupilone
showed a dose-response for body weight loss (�5.3,
�4.0, and �1.2% for 4, 2 and 1 mg/kg, respectively).
This pattern of body weight loss at 1 and 2 mg/kg was
not altered at all in combination with either dose of
imatinib, suggesting no increased animal toxicity from
combining these two agents compared to patupilone
monotherapy (Fig. 4, Table 2).

Effect of imatinib on the IFP of C6 tumours

The IFP (in mm Hg) of untreated C6 tumours was
7.7±1.8, 11.6±2.6 and 14.6±4.4 for three different
groups of 6 mice and following daily treatment for 3
days, the IFP was significantly reduced (ca. 50%) by
imatinib to 6.6±1.9, 5.1±2.0 and 5.4±3.9 for vehicle,
100 mg/kg and 200 mg/kg respectively (p=0.046, 1-way
ANOVA).

Discussion

The novel microtubule stabilizer patupilone (epothilone
B, EPO906) [5, 10] and the tyrosine kinase inhibitor
imatinib (selective for Bcr-Abl, PDGFR and c-Kit
tyrosine receptors) [15] were combined in vivo to
determine if any interaction would occur with respect
to antitumour effect and tolerability. Rat C6 glioma is
a rapidly growing difficult-to-treat experimental tumour
model, in which several chemotherapeutic agents, given
at optimally tolerated doses, proved to be poorly active,
including paclitaxel (15 mg/kg i.v. every 48 h, five
administrations, T/C 106%), cisplatin (5 mg/kg i.v.
every 7 days, two administrations, T/C 72%), and
doxorubicin (9 mg/kg i.v. every 7 days, two adminis-

trations, T/C 60%) (unpublished). With the doses and
regimens selected in this series of experiments, patupi-
lone was a potent antitumour agent, markedly inhibit-
ing tumour growth, while only a trend for antitumour
effect was seen with the selected imatinib doses. The
combination of patupilone and imatinib (2 mg/kg pat-
upilone plus 200 mg/kg imatinib) resulted in a signifi-
cantly increased antitumour effect that was not
associated with a concomitant reduction in tolerability,
and the antitumour activity was at least equivalent to
high-dose (4 mg/kg) patupilone monotherapy. Thus the
combination of 2 mg/kg patupilone and 200 mg/kg
imatinib constituted a regimen with an improved ther-
apeutic index over monotherapy. Reduction of the
imatinib dose to 100 mg/kg resulted only in additivity
for the antitumour effect, while reduction of the pat-
upilone dose to 1 mg/kg showed a weaker trend to
synergy. Thus, this is consistent with combination
studies in vitro of imatinib with other chemotherapeutic
agents where positive interactions have been shown to
be dose-dependent [50].

Although the mechanisms of action of patupilone
and imatinib have been well characterized, the mecha-
nism of this interaction is uncertain, and the synergistic
combination effects of patupilone and imatinib may not
be solely related to direct effects of either partner on
the cancer cells, but may also involve alterations of the
tumour environment. Several mechanisms can be envi-
sioned. Inhibition of PDGF signaling while directly
affecting tumour cell growth is also known to be in-
volved in the regulation of the cytoskeletal architecture
[9], and thus could indirectly affect the sensitivity to
microtubule-stabilizing agents. The PDGFR signaling
cascade has also been reported to affect cytoskeletal
dynamics through the Rho family of small GTPases
[54]. Active Rho-dependent pathways appear to be
involved in many cell responses to external stimuli,
including PDGF [47], and have been implicated in

Table 2 Efficacy of patupilone and imatinib alone or in combina-
tion against rat C6 glioma tumour xenografts in female BALB/c
athymic nude mice (meta analysis of pooled data). Tumours were
initiated by s.c. injection of 1·106 rat C6 cells (n=8 per group).
When the tumours reached about 75 mm3, imatinib treatment was
started at 100 or 200 mg/kg orally every 24 h (day 4). The data

shown are pooled data from experiments 1 and 2 presented in
Table 1, thus n=16. The Clarke CI (calculated or experimentally
determined) is defined in ‘‘Methods’’. The body weight changes
seen with patupilone plus imatinib were not significantly greater
than those seen with the corresponding patupilone dose alone (at
any dose)

Treatment Delta tumour volume
(mm3), mean±SEM

%T/C Clarke CI
(calculated; experimental)

Body weight change (%),
mean±SEM

Vehicle 1406±139 – – 1.4±0.2
Imatinib, 200 mg/kg orally every 24 h 1097±110 78 – 1.4±0.6
Imatinib, 100 mg/kg orally every 24 h 1434±139 102 – 2.4±0.2
Patupilone, 4 mg/kg i.v. every 7 days 399±120* 28 – �5.3±0.6*
Patupilone, 2 mg/kg i.v. every 7 days 700±97*,** 50 – �4.0±0.4*
Patupilone, 1 mg/kg i.v. every 7 days 962±118* 68 – �1.2±0.2*
Imatinib 200 mg/kg + patupilone 2 mg/kg 242±56*,** 17 0.39; 0.17 �4.4±0.4*
Imatinib 200 mg/kg + patupilone 1 mg/kg 506±56* 36 0.53; 0.36 �4.1±0.5*
Imatinib 100 mg/kg + patupilone 2 mg/kg 729±91* 52 0.51; 0.52 �1.1±0.3*
Imatinib 100 mg/kg + patupilone 1 mg/kg 903±107* 64 0.70; 0.64 �0.7±0.2*

*P<0.05 versus vehicle-treated controls, **P=0.032 (Tukey) versus one another; one-way ANOVA with Tukey analysis post hoc for
pairwise comparisons
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oncogenic transformation, metastasis [30] and apopto-
sis [16]. PDGF can induce actin polymerization
through the GTPase Rac1 [41, 48]. Furthermore, the
F-actin binding protein Abp1 is responsive to PDGFR
signaling; Abp1 functionally links the actin cytoskele-
ton to the GTPase dynamin [34]. Although normally
affecting the actin cytoskeleton, evidence indicates that
Rho also regulates microtubules [28]. Lastly, internali-
zation of PDGFR-PI3 kinase complexes involves
microtubule binding [32] and the p85 subunit of PI3
kinase (one of the effector proteins of PDGF) has been
shown to bind to a/b tubulin and c tubulin [33]. Taken
together, there appear to be multiple levels at which
PDGFR signaling and the cellular cytoskeleton inter-
sect. Although apparently not specifically studied, the
interference with PDGFR signaling in a responsive cell
such as C6 [1, 39, 52] may affect cytoskeletal dynamics
and predispose the cell to the deleterious effects of
microtubule stabilization. In addition, PDGFR is ex-
pressed on non-tumour cells within the solid tumour
mass, i.e., epithelial cells and/or pericytes of the tumour
vasculature, and thus targeting activated PDGFR on
any solid tumour may improve the efficacy of cytotoxic
agents [6, 7, 29, 58].

Lastly, as tumour IFP apparently impedes tumour
uptake of anticancer drugs [31] and inhibition of
PDGFR on tumour-associated stromal cells has been
shown to reduce tumour IFP, it has been proposed that
inhibitors of PDGF signaling, such as imatinib, may
facilitate increased drug uptake and antitumour activity
of cytotoxics [43, 44]. In two different tumour models,
inhibition of PDGF receptor signaling in tumour stroma
has been shown to enhance the antitumour effects of
paclitaxel and 5-fluorouracil [44]. Increased tumour drug
uptake has been shown to be the likely major mechanism
of PDGF antagonists, and antiangiogenic effects of the
combination treatment were excluded [44]. A similar
effect has been observed with patupilone in the rat colon
ProB tumour model [45], and in the present study we
have shown that imatinib can decrease the IFP of s.c. rat
C6 gliomas by 50%. Together, these observations have
led to the proposal that inhibition of PDGF receptor
signaling in tumour stroma might represent a novel,
possibly general, strategy for enhancement of the ther-
apeutic effects of chemotherapy. Therefore, the positive
combination effects exerted by imatinib may be, at least
in part, attributable to improved tumour uptake of
patupilone. Selectivity of action to the tumour micro-
environment may account for the lack of decreased
tolerability of the combination observed in the current
study.

In summary, the promising observation that the
combination of patupilone and high-dose imatinib pro-
duced synergistic antitumour effects against an experi-
mental glioma model, without negative effects on
tolerability, warrants further investigations. Unlike
patupilone, which demonstrates excellent brain pene-
tration [12], imatinib penetrates brain poorly [42, 51]
because it is a substrate for Pgp-170 [18]. Thus,

penetration of tumour tissue by imatinib may be a lim-
iting factor in the clinical application of this combina-
tion for treating glioma.
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