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Synergistic effects of imatinib (STI 571) in combination with
chemotherapeutic drugs in head and neck cancer
Iain A. Brucea,b, Nicholas J. Slevinc, Jarrod J. Homerb,c, Alan T. McGownd and
Timothy H. Warda

The tyrosine kinase inhibitor imatinib (STI 571; glivec) is a

potent inhibitor of bcr–abl, c-kit and platelet-derived growth

factor receptors. Imatinib was evaluated both alone and in

combination with established chemotherapeutic agents in

adenoid cystic carcinoma (ACC) primary cultures and

established cell lines representing squamous cell carci-

noma of the head and neck (HNSCC). Over 90% of ACC

tumors are c-kit-positive, and these primary cultures

proved to be of short-term usefulness in assessing

chemosensitivity. Interaction was determined over a wide

range of drug combinations using a statistical three-

dimensional analysis model. Both ACC short-term cultures

and HNSCC cell lines were demonstrated to have a

response ranging from additive to synergistic when

imatinib and cisplatin were combined. The interaction of

imatinib on cisplatin-induced DNA cross-linking was

further investigated using the comet-X assay. In contrast,

significant antagonism was observed when imatinib and

gemcitabine were combined. Since gemcitabine is acti-

vated by deoxycytidine kinase (dCK), the effect of imatinib

on this enzyme was investigated. A dose-dependent

inhibition of dCK was observed, highlighting this kinase as

a possible additional secondary molecular target for

imatinib. This work demonstrates a synergistic interaction

between cisplatin and imatinib, which may prove to be

clinically relevant in the future management of both ACC

and HNSCC. Anti-Cancer Drugs 16:719–726 �c 2005
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Introduction
Imatinib (STI 571, glivec) is a 2-phenylaminopyrimidine

derivative and is a known inhibitor of BCR–ABL and

platelet-derived growth factor receptor (PDGFR) tyro-

sine kinase [1,2]. There is close homology between the

kinase domains of PDGFR and a further receptor in the

tyrosine kinase subclass 3 family, i.e. c-kit. c-kit is a 145-

kDa transmembrane glycoprotein and is the product of

the c-kit gene, the normal cellular homolog of the viral

oncogene v-kit. Heinrich et al. demonstrated that imatinib

selectively inhibits c-kit tyrosine kinase activity and

downstream activation of target proteins involved in

cellular proliferation and cell survival in human leukemic

cell lines [3].

Overexpression of c-kit has been identified in salivary

gland adenoid cystic carcinoma (ACC) [4,5]. Using

immunohistochemistry, two studies have demonstrated

that c-kit protein was expressed in 27 of 30 (90%) and 20

of 25 (80%) ACCs, suggesting a possible role for

overexpression in the pathogenesis of this type of salivary

carcinoma. ACC arises from mucus-secreting intercalated

ducts in salivary gland tissue derived embryologically

from the small gut, and accounts for 2–3% of head and

neck malignancies [6,7]. Treatment is generally by

surgical excision with post-operative radiotherapy [8,9].

Despite this combined approach, there is a marked

propensity for local recurrence, which is often many

years after the initial treatment [7]. The disease-free

interval following initial treatment can range from

1 month to over 19 years (median 36 months). The

lung is the commonest site of distant spread and

although the patient may remain asymptomatic for a

considerable length of time, once symptoms develop or

the tumor spreads to viscera or bone, survival is less than

24 months [10].

The purpose of this study was to evaluate imatinib, both

alone and in combination with established chemothera-

peutic agents in a tumor possessing a known target for

imatinib inhibition, i.e. ACC. Since no ACC cell lines are

available, short-term primary cultures were established.

We were able to maintain these primary cultures for

sufficient time to evaluate growth inhibition of a number

of compounds both singularly and in combination. We

were, however, unable to establish a permanent cell line.
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In the case of the more common cancers of the head and

neck, other tyrosine kinase inhibitors (TKIs) have been

shown to be effective against cultured cells. The most

widely studied agent in this class being the epidermal

growth factor receptor (EGFR)-TKI gefitinib (‘Iressa’).

The exact mechanism of action of gefitinib on head and

neck squamous cell carcinoma (HNSCC) cells remains

unclear. Some authors have demonstrated that neither

the EGFR expression level nor constitutive receptor

activation seemed to predict sensitivity to the drug [11].

Gefitinib activity has also been shown in cell lines with

low EGFR expression [12]. Consequently, if the recog-

nized target for gefitinib inhibition is not definitely

required for its action, we postulated that other TKIs

might also have an action on HNSCC cell lines. There-

fore further evaluation of imatinib against cell lines

derived from HNSCC was undertaken. The drug panel

used in the study was designed to broadly represent the

most common drug classes available in the clinic. The

panel was composed of DNA cross-linking agents

(cisplatin, melphalan), antitubulin agents (taxol, vinblas-

tine), ‘antimetabolites’ (gemcitabine, 5-fluorouracil) and

an anthracycline antibiotic (adriamycin).

Materials and methods
Cell culture

Cells were maintained in M6 medium (50% RPMI and

50% L-15; Sigma, St Louis, Missouri, USA) supplemen-

ted with 10% heat-inactivated fetal calf serum (FCS;

Sigma), glutamine and antibiotics. Cell lines were

subcultured weekly and routinely screened for mycoplas-

ma contamination. All cell lines and primary cultures

were found to be negative for mycoplasma. The human

HNSCC cell lines Cal27 and FaDu were used, along with

Dok, a dysplastic head and neck squamous cell line with

partially transformed phenotype.

Primary cell culture

Tumor material for the ACC short-term cultures was

obtained routinely as part of the patients’ planned

surgical procedures. This material was obtained with full

informed consent of the patient and approval of the local

ethics committee. The tissue samples were collected and

transported in M6 medium. After removal of necrotic

material the tumor was minced to a fine slurry using

‘crossed scalpels’. The slurry was then passed through

filters of decreasing diameter (100 and 40mm) and added to

tissue culture flasks containing M6 medium. The medium

was changed regularly and once the tumor cells had

proliferated to near confluence the cells were subcultured

for up to four passages. The three ACC primary cultures

included were referred to as HN1, HN3 and HN5.

Growth-inhibition assay

Growth inhibition was measured using a modification of

the sulforhodamine B (SRB) assay for quantifying cellular

protein content [13]. The SRB assay does not discrimi-

nate between growth inhibition and cell killing. However,

the cells were seeded at low density and growth was

confirmed microscopically in the control wells after the

incubation period. Briefly, cells were plated into 96 well

plates (Greiner, Gloucestershire, UK) at 1000 cells/well in

100 ml of medium. The cells were then allowed to adhere

for 24 h prior to the addition of the drug. A 2-fold serial

dilution of imatinib (Novartis, Basel, Switzerland) was

added in triplicate and the plates were incubated for 5–7

days, depending upon the previously determined growth

characteristics of each individual cell culture. The cells

were fixed with 100 ml of pre-chilled 10% trichloroacetic

acid after removal of the medium. The plates were then

chilled at 41C for 1 h. Following this the plates were

washed twice with water and stained with 50 ml of 0.4%
SRB in 1% acetic acid for 10min at room temperature.

The unbound dye was removed by sequential washing

with 1% acetic acid. The plates were then air-dried and

the bound dye solubilized in 100 ml of unbuffered 10mM

Tris base (pH 8.0) and fluorescence determined using a

FL500 fluorescence spectrophotometer (Labsystems,

Witchford, UK) with wavelength settings of excita-

tion=520 nm and emission=590 nm. Growth inhibition

curves were constructed and IC50 values determined.

Synergy assay

The interactions of imatinib in combination were

evaluated based upon the technique described by

Prichard and Shipman [14]. Briefly, the vertical drug

was added in eight serial 2-fold dilutions across the plates

and the horizontal drug in five serial dilutions plated at

901 to the first drug. This resulted in a matrix

combination of 40 doses in duplicate. In this study the

vertical drug was always imatinib. The IC50 value for each

cell culture as determined previously for each drug was

used as a guide to selecting the initial concentrations of

each drug combination. After incubation the plates were

fixed, stained and the fluorescence read as described

previously. A three-dimensional spreadsheet model (a

kind gift from the National Cancer Institute Drug

Screening Laboratory) was used to process the data

generated from two 96-well plates. The data from the

experimental drug combination assay was then repre-

sented graphically as a three-dimensional surface plot

representing additive, synergistic or antagonistic interac-

tion. Synergy or antagonism was quantified by the volume

of the area above (positive volume) or below (negative

volume) the additive plane. Combinations producing a

flat surface plot were deemed additive. These volumes

were calculated at the 95% confidence interval and

from these a value representing the degree of synergy or

antagonism was derived.

Deoxycytidine kinase (dCK) assay

The effect of imatinib on dCK activity was measured

using a modified method of Singhal et al. [15]. Briefly,
cells were pelleted by centrifugation and lysed in
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Cytobuster (Novagen, Nottingham UK). The cytosolic

fraction was removed following further centrifugation.

The standard reaction mixture contained in a total

volume of 150 ml: 50 ml of cytosol fraction, 3.5mM ATP,

60 nmol of [5-3H]deoxycytidine, 20mM Tris–HCl (pH

8.0), 3.5mM MgCl2, 0.2mM dithioerythritol and 1mM

KCl. This reaction mixture was incubated for 30min at

371C with increasing concentrations of imatinib. Boiling

for 3min stopped the reaction and the precipitated protein

was sedimented by microcentrifugation for 60 s. Aliquots

of 50ml of supernatant were subsequently applied to disks

of DEA 81 cellulose paper. Unphosphorylated deoxyciti-

dine was removed by three successive 5-min washes with

1mM ammonium formate. Finally, the disks were dehy-

drated in ethanol for a further 5min. The disks where then

allowed to air dry, placed in scintillation vials and counted

in 5ml of xylene-based scintillant.

Thymidine kinase may also phosphorylate deoxycytidine

[16] and therefore cold thymidine was added to each

reaction mixture to a final concentration of 50mM in

order to saturate thymidine kinase activity (50mM

thymidine was not itself inhibitory—data not shown).

Comet assay

DNA cross-linking was determined using the comet-X

assay [17]. Drug-treated and control Cal27 cells were

trypsinized, transferred to plastic bijou tubes and

immediately chilled on ice. Both cisplatin-treated and

cisplatin+ imatinib-treated samples were then subjected

to 20Gy irradiation using a 137Cs source (0.4Gy/min).

The samples were irradiated in order to introduce a fixed

number of random DNA strand breaks. The retardation of

migration of these strand breaks, which form a comet tail,

is used as an indication of DNA cross-linking in response

to treatment with drugs. Samples were maintained on ice

to prevent repair of any DNA strand breaks prior to

immediate processing in the comet assay. Control irradiated

cells and imatinib-alone-treated cells were maintained on

ice in the same manner as treated samples. Approximately

0.5ml of cell suspension was mixed with low-melting-point

agarose and pipetted onto a pre-coated microscope slide

and allowed to gel for 1–2min on ice. The slides were then

immersed in ice-cold lysing solution (100mM EDTA,

10mM Tris–HCl, 1% Triton X-100, 1% DMSO, 2.5M

NaCl) for 1 h, washed 3 times in distilled water then placed

onto a flat-bed electrophoresis tank and left for 45min in

alkali DNA unwinding solution (50mM NaOH, 1mM

EDTA buffered to pH 12.5). The slides were then

subjected to electrophoresis at 0.6 V/cm for 25 min,

followed by neutralization with 1ml of 0.4M Tris–HCl,

pH 8.0 and air drying. The dried slides were subsequently

rehydrated in double-distilled water and stained for 30min

with SYBr gold solution (FMC, Rockland, Maine, USA).

The slides were examined at �250 magnification under an

epifluorescent microscope (Zeiss-Jenamed, Berlin, Ger-

many). Twenty-five images from each of two duplicate

slides were captured and analyzed using Komet version 5

software (Kinetic Imaging, Liverpool, UK). Both DNA

damage and percent DNA cross-linked were calculated.

The experiment was designed to evaluate the effect of

imatinib (20 mM) on DNA cross-linking following a single

(15 mM) 6-h exposure to cisplatin. Imatinib was added

either simultaneously for 6 h with cisplatin, for 24 h

before cisplatin or for 24 h following cisplatin treatment.

Receptor status

The c-kit receptor status of the primary tumors was

established as positive on diagnosis. The c-kit receptor

status of explanted primary tumor cultures and estab-

lished cell lines were carried out using immunohisto-

chemistry by the Histology Department of the Christie

Hospital.

Results
Growth inhibition

The IC50 values for the panel of drugs tested are shown in

Table 1. The response of the cell lines and ACC primary

cultures to imatinib was relatively uniform with the IC50

in the range 17–33 mM. A similar level of response

(micromolar) was also seen with the two cross-linking

agents cisplatin and melphalan; however, the two ACC

primary cultures HN1 and HN3 were much more

resistant to melphalan than the established cell lines or

HN5. Response to tubulin-binding agents was uniform

across the panel, with slight resistance being observed in

HN1 and HN3 compared to other lines in the panel.

Synergy

Although the volumes representing the degree of synergy

or antagonism were calculated at the 95% confidence

Table 1 IC50 values (SRB assay) for both the primary cultures and the cell lines (repeated at least twice on two separate occasions)

Imatinib (mM) Cisplatin (mM) Adriamycin (mM) Taxol (ng/ml) Melphalan (mM) 5-Fluorouracil
(mM)

Vinblastine
(ng/ml)

Gemcitabine
(nM)

Dok 30.1 3.7 0.02 2.7 12.7 22.0 0.3 7.1
FaDu 33.7 2.4 0.04 2.1 6.4 3.7 0.1 4.1
Cal27 18.1 7.4 0.02 3.8 11.3 4.4 0.2 7.0
HN1 33.2 5.0 0.08 6.1 66.6 4.8 1.3 NR
HN3 28.1 2.8 NR 5.1 27.5 NR 0.9 0.3
HN5 16.9 3.3 0.08 2.4 7.3 1.2 NR NR
Mean SDa 4.1 2.1 0.02 0.5 2.9 0.7 0.03 2.1
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interval, it was decided that an arbitrary range of + 25 to

– 25 would essentially represent a potentially synergistic

or antagonistic interaction whilst values higher than this

represented true synergy or antagonism. The interaction

for each drug combination is recorded in Table 2. Synergy

was clearly observed in both the Dok and Cal27 cell lines

when imatinib and cisplatin were combined (synergy

values +47.3 and +85.7, respectively) (Fig. 1). Inter-

estingly, the FaDu cell line showed less synergy with the

imatinib/cisplatin combination despite having a response

to both drugs similar to that of the Dok cell line. The

imatinib and cisplatin combination was demonstrated to

be potentially synergistic against two of the ACC primary

cultures.

Antagonism

Response to imatinib in combination with gemcitabine

was uniformly significantly antagonistic in both cell lines

and primary cultures (mean antagonism values ranging

from – 86.5 to – 223.3; Table 2 and Fig. 2). Since

gemcitabine requires activation by dCK [18], this

antagonism could be the result of an interaction between

imatinib and dCK. The effect of imatinib on this enzyme

was investigated using cytosol extracts from Cal27 cells

and a dose-dependant inhibition of dCK activity was

observed with an IC50 of 110 mM (Fig. 3).

Comet-X assay

Irradiation of Cal27 cells alone resulted in some 40% of

DNA migrating from the nucleus to form a comet tail.

The degree of retardation of this migration in drug-

treated cells is taken as evidence of DNA interstrand

cross-linking and is expressed as percent DNA cross-

linked. The effect of differing schedules of imatinib on

cisplatin cross-linking is shown in Figure 4. A 6-h cisplatin

treatment resulted in a significant amount (68%,

p<0.005) of DNA cross-linked compared to irradiation

alone (Fig. 4A). Subsequent incubation in drug-free

medium (Fig. 4B) for 24 h resulted in only 48% of DNA

cross-linked (28% repair). Imatinib treatment for 24 h

either preceding or following cisplatin treatment resulted

in significantly higher (p<0.005) levels of DNA cross-

linking (69.6 and 77.2%, respectively; Fig. 4G and C),

representing 3.8 and 0% repair. Simultaneous treatment

of cells with both cisplatin and imatinib for 6 h resulted in

62% DNA cross-linked (Fig. 4D), which decreased to

41.8% on incubation in drug-free medium (33% repair)

(Fig. 4E).

Receptor status

The morphology of the explanted tumor tissue was

observed as epithelial; however, the c-kit receptor status

was found to be very low and was regarded as negative.

Since the c-kit receptor status of the original tumor was

Table 2 Table summarizing the predominant interaction for
imatinib in combination with cisplatin and gemcitabine

Cells Cisplatin Gemcitabine

HN1 6 (8.7) – 96.7 (83.9)
HN3 0 –86.5 (25.7)
HN5 6 (5.7) – 170 (33.3)
Dok 47.3 (28.3) – 158 (46.7)
Cal27 87.5 (51.3) – 223 (141)
FaDu 6.7 (10.2) – 160 (36)

Fig. 1
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verified at diagnosis as positive, downregulation of the

receptor must have occurred as a response to culture

conditions. The established HNSCC cell lines were

EGFR-positive, but c-kit receptor-negative.

Discussion
Growth inhibitory effects

Initial experience with cytotoxic chemotherapy led some

clinicians to advocate no role for chemotherapy in ACC

other than for symptomatic recurrent and metastatic

disease [19]. Published single-agent response rates are

low, with the most active agents appearing to be cisplatin,

5-fluorouracil and the anthracyclines [20–22]. The

original ACC tumor biopsies were positive for c-kit

receptor expression; clearly this expression appears to

have been downregulated on adaptation to short-term

culture. In this study we have confirmed growth

Fig. 2
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inhibition in primary ACC cultures following treatment

with imatinib at doses similar to those observed to inhibit

the established HNSCC cell lines. The IC50 values

obtained for imatinib against the ACC short-term

cultures (17–33 mM) were high when compared to the

c-kit-expressing myeloid leukemia cell line, M-07e

(100 nmol/l) [3]. However, the values were comparable

to those shown to potently inhibit the proliferation of

cultured cells transfected with the various c-kit mu-

tations found in gastrointestinal stromal tumors (GIST)

(1–10 mM) [23]. GIST tumors have also been shown to

respond to imatinib despite low expression of c-kit [24].

Frequently, in vitro studies using medium containing

serum tend to result in receptor saturation by endogen-

ous ligands. As a consequence, response to TKIs in vitro
often requires high dose ranges [12,25]. Nonetheless,

responses are often seen and result from a number of

unrelated factors of which receptor density/activity is

only one. Clinically, there is conflicting evidence for the

effectiveness of imatinib against ACCs. A study on the

use of imatinib in ACC primary tumors has suggested that

this class of head and neck tumor is indeed unresponsive

to this drug when administered as a single agent [26].

However, a recent case report documents the cases of two

patients with unresectable ACC who responded well to

treatment with imatinib. In one of these cases the tumor

regression was significant enough to facilitate salvage

surgical resection and, although a similar result was found

in the other case, the patient refused further surgical

intervention [27].

Since no established ACC cell lines are available, further

in-depth studies on the effects of imatinib in ACC were

not possible. However, we have clearly shown imatinib to

have growth-inhibitory effects on ACC primary cultures

(despite the downregulation of c-kit). A panel of cell lines

derived from the commonest head and neck malignancy

(HNSCC) were used to facilitate further evaluation of

the drug. Previous reports have shown other TKIs to have

a growth inhibitory effect in HNSCC cells. However,

such TKIs targeted the EGFR receptor often expressed

in HNSCC [28,29]. Evaluation of the most studied

EGFR-TKI, i.e. gefitinib, did not demonstrate a clear

mechanism of action for this drug. Indeed, in several

studies, neither EGFR expression nor constitutive

receptor activation predicted sensitivity [11,12,30]. Con-

sequently, the importance of the defined molecular

targets of agents such as gefitinib is questionable. With

regard to HNSCC, the possibility of the existence of

other, as yet unidentified, secondary targets for TKIs was

considered. Therefore, it was of interest to evaluate

imatinib in the absence of a known target in HNSCC cell

lines.

Imatinib produced growth inhibition in the HNSCC cell

lines used in this study (IC50 values 18–34 mM) similar to

those reported for gefitinib against a panel of seven

HNSCC cell lines (range 6–31 mM) [12]. Therefore,

despite the lack of a recognized target, imatinib

treatment resulted in a similar growth-inhibitory effect

to that of the most widely studied TKI in HNSCC.

Synergy

Since imatinib clearly demonstrated an antiproliferative

effect on cells in culture, it was subsequently evaluated

in combination with existing clinical drugs. Two interest-

ing drug combinations were highlighted. Imatinib was

found to be synergistic with cisplatin when tested against

the HNSCC cell panel (three of three cell lines). In

contrast, the predominant interaction when imatinib and

cisplatin were combined in the ACC cultures was weakly

synergistic/additive. These results are similar to those

reported by Zhang et al., where simultaneous treatment

with both cisplatin and imatinib resulted in an enhanced

toxicity in the A549 NSCLC cell line [25]. Whilst these

authors claim synergy, they do not, as we do in HNSCC

cell lines, demonstrate a statistically significant interac-

tion between these two drugs. In a separate study using

the c-kit-positive small cell lung cancer line NCI-H526,

combinations of the multitargeted TKI SU11248 and

cisplatin resulted in enhanced tumor growth delay in vivo.
Interestingly, these authors compared imatinib to

SU11248 as single agents, but failed to combine imatinib

with cisplatin [31].

The data presented here in HNSCC cells is consistent

with the fact that the c-kit status of the cell line is not

essential for synergy with cisplatin. This suggested an

interaction between imatinib and possibly other kinases

pertinent to cisplatin sensitivity. The EGFR status of

many head and neck cell lines, including the ones used in

this study, is often positive [32]. It is possible, therefore,

that the observed synergy may be through interaction of

imatinib with the EGFR receptor tyrosine kinase.

Synergy has been described in A431 cells, which over-

express EGFR when exposed to the irreversible EGFR

inhibitor CI-1033 and cisplatin in vitro. However, this

synergy did not appear to involve the repair of DNA–

cisplatin adducts [33]. Conversely, in a separate study

using the comet assay, a reduction in the repair of

cisplatin-induced DNA inter-strand cross-links was ob-

served following cotreatment with gefitinib. This re-

duced ability to repair cross-links appeared to be

associated with the binding of EGFR to DNA protein

kinase C [34]. In the study reported here we have

attempted to determine the effect of imatinib on the

production and subsequent repair of cisplatin-induced

DNA interstrand cross-links using the comet-X assay. We

were able to clearly demonstrate that imatinib does delay

the repair of cisplatin-induced DNA cross-links when

administered either before or after cisplatin treatment.

However, when added simultaneously for the duration of

the cisplatin treatment (6 h) no delay in repair of cross-

links was observed. Wozniak et al. have previously
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reported an increase in cisplatin-induced DNA damage

following simultaneous treatment with imatinib [35]. In

that study, DNA damage was assessed as strand breaks

using a conventional alkaline comet assay. However, the

increase in DNA damage reported could have been due to

the unrepaired lesions following excision of cisplatin

adducts. We believe this is the first report of a synergistic

effect of imatinib on cisplatin-induced cross-links.

Clearly, from the results presented here and from others,

TKIs may well have a secondary effect on DNA damage/

repair pathways hitherto unobserved. The precise me-

chanism by which imatinib and other TKIs are synergistic

in combination with cisplatin remains unclear. It is

possible that changes in the apoptotic threshold could

produce the observed cytotoxic effect. It is known, for

example, that the p53 status of HNSCC dramatically

affects cisplatin sensitivity [36]. HNSCC cell lines with

wild-type p53 are less sensitive to cisplatin than those

with overexpression of mutant p53. In this study the

HNSCC lines used are p53 mutant. Similarly, imatinib

has been reported to promote the pro-apoptotic balance

of the BCL-2 family of apoptosis regulators [37]. As a

result, the observed synergy may well lie in the affect of

imatinib on the repair of DNA damage and consequently

maintaining or enhancing the molecular triggers that

initiate cell death pathways.

Antagonism

Imatinib when used in combination with gemcitabine was

highly antagonistic in both the HNSCC cell lines and

ACC primary cultures. We hypothesized that this

observed antagonism could well be due to an inhibition

of dCK activity. A direct inhibitor of dCK activity would

prevent the activation of gemcitabine and thus reduce its

effectiveness. Indeed, this was found to be the case.

Whilst the dose of imatinib required to inhibit dCK

activity is high in vitro (110 mM), it is less than 5-fold of

the observed IC50 of this drug in these cell lines. Since

imatinib binds to the ATP-binding site of the abl protein

kinase [1], it is likely that other ATP-dependent kinases

may be affected. The data presented here is consistent

with the hypothesis that this antagonism results, at least

in part, from dCK inhibition by imatinib. Indeed, this

may also help to explain the observed growth inhibition in

cell lines lacking a recognized receptor kinase target for

this drug. In addition, prolonged exposure to imatinib

could, through its effect on dCK, affect repair by

depletion of intracellular deoxynucleotide pools. Inhibi-

tion of dCK may also contribute to the observed effect of

imatinib on the repair of cisplatin adducts.

This study has demonstrated imatinib to have a growth-

inhibitory effect on both ACC primary cultures and

HNSCC cell lines in vitro. Two clinically significant

interactions between imatinib and conventional chemo-

therapeutic compounds have also been demonstrated;

imatinib is synergistic in combination with cisplatin and

antagonistic when combined with gemcitabine. However,

as demonstrated by both this study and the literature,

care must be taken when interpreting the results of such

combination assays. By their nature they are in vitro and

therefore susceptible to small changes in the experi-

mental environment as well as often being conducted

over only a few dose combinations. The advantage of the

three-dimensional surface volume approach to synergy as

proposed by Shipman et al. compared to isobolograms or

the CI index is that it demonstrates the result of all drug

interactions in a single plot. Indeed, subtle changes in

combinations can be detected over the whole dose

matrix. Ultimately, it is the tumor response to the

drug combination in vivo that is important. However,

in vitro assays do have a role to play in screening

drug combinations, highlighting those suitable for

further evaluation in in vivo models or ultimately clinical

trials.

A phase II study evaluating the effect of imatinib in

patients with recurrent and/or metastatic ACC is

presently underway, including evaluation of imatinib

and cisplatin in combination. To date the imatinib/cis-

platin combination has shown useful activity [38].
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