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Integrating pharmacogenetics and therapeutic drug

monitoring: optimal dosing of imatinib as a case-example

Introduction

Imatinib is, even within the context of targeted therapies, a molecular therapeutic star [START_REF] Schwartz | A molecular star in the wars against cancer[END_REF][START_REF] Gdvmm | Efficacy and safety of imatinib mesylate in advanced gastrointestinal stromal tumors. A molecular star in the wars against cancer[END_REF]. Its major impact in the management of chronic myelogenous leukaemia (CML) and gastro-intestinal stromal tumours (GIST), is widely acknowledged and has arguably led to the growing and resurgent interest in translational research in medicine. Yet, despite its selectivity of action and relatively benign harmbenefit profile, imatinib does not cure. Using Paul Ehrlich's weaponry metaphor, the magic bullet stuns but does not cure, leaving behind resistant cancer cells to challenge the host on another occasion. The precise mechanisms for imatinib resistance and treatment failure are still unclear, but residual cancer stem cells and the emergence of new mutations made easier from the genomic instability characteristic of cancer cells [START_REF] Wardelmann | Acquired resistance to imatinib in gastrointestinal stromal tumours caused by multiple KIT mutations[END_REF] are plausible explanations for at least some of the cases.

An increasing body of evidence suggests that for a substantial number of cases, resistance may be apparent (pseudo-resistance) rather than true imatinib resistance, in that dose escalation leads to drug response [START_REF] Kantarjian | Dose escalation of imatinib mesylate can overcome resistance to standard-dose therapy in patients with chronic myelogenous leukemia[END_REF][START_REF] Kantarjian | Efficacy of imatinib dose escalation in patients with chronic myeloid leukemia in chronic phase[END_REF][START_REF] Jabbour | Imatinib mesylate dose escalation is associated with durable responses in patients with chronic myeloid leukemia after cytogenetic failure on standard-dose imatinib therapy[END_REF]. The reasons why the standard dose of imatinib fails to achieve the expected response in some patients include interindividual variability in the differential expression of the influx (hOCT1) and efflux (MDR1) transporters [START_REF] Thomas | Active transport of imatinib into and out of cells: implications for drug resistance[END_REF] and variable bioavailability [START_REF] Picard | Trough imatinib plasma levels are associated with both cytogenetic and molecular responses to standard-dose imatinib in chronic myeloid leukemia[END_REF][START_REF] Singh | Drug monitoring of imatinib levels in patients undergoing therapy for chronic myeloid leukaemia: comparing plasma levels of res-ponders and non-responders[END_REF]. In an analysis of the clinical significance of imatinib pharmacokinetics [START_REF] Larson | Imatinib pharmacokinetics and its correlation with response and safety in chronic-phase chronic myeloid leukemia: a subanalysis of the IRIS study[END_REF], using data from the IRIS study [START_REF] O'brien | Imatinib compared with interferon and low-dose cytarabine for newly diagnosed chronic-phase chronic myeloid leukemia[END_REF][START_REF] Druker | Five-year follow-up of patients receiving imatinib for chronic myeloid leukemia[END_REF], subjects given 400 mg daily had trough levels ranging from 153 to 3910 ng/mL. It was also clear from this analysis that an adequate plasma concentration is important for a good drug response. Fixed dosing is therefore not the best approach to ensuring a good response. If blood level is important, however, the question then arises as to what the target level ought to be for therapeutic drug monitoring (TDM). The aim of our study was, therefore, to critically appraise the available evidence with a view to estimating this optimal blood level. In the Discussion section, we then suggest how TDM, with this target blood level, could interface with pharmacogenetic data to optimise therapy.

Method

We undertook a search for lead papers on dose-response with a keyword search on dose, monitoring, dose regimens and therapeutic monitoring, each with the qualifiers imatinib. We then retrieved the relevant papers based on the content of the abstracts and did historical searches through the references lists of those papers. We abstracted and subjected relevant data to statistical analysis, including receiver operating characteristic (ROC, signal detection theory) curve analysis [START_REF] Green | Signal detection theory and psychophysics[END_REF].

Results and discussion

In a recent report, Picard et al. [START_REF] Picard | Trough imatinib plasma levels are associated with both cytogenetic and molecular responses to standard-dose imatinib in chronic myeloid leukemia[END_REF] studied the association between imatinib trough blood level and treatment response in CML patients who were given 400 or 600 mg imatinib daily, depending on whether they were in the chronic phase or accelerated phase of the disease. The treatment response was major molecular response, defined as a reduction in the BCR-ABL transcript level of at least 3 logs after 12 months of therapy from the standardised baseline. Despite the variable dosing and staging of the disease, using ROC curve analysis, the authors estimated, using major molec-ular response as outcome, that with the optimal sensitivity and specificity trade-off, the optimal threshold imatinib steady-state trough plasma level was 1002 ng/mL (1.70 µM; molecular weight 589.7).

In a second report, Singh et al. [START_REF] Singh | Drug monitoring of imatinib levels in patients undergoing therapy for chronic myeloid leukaemia: comparing plasma levels of res-ponders and non-responders[END_REF] studied 40 chronic phase CML patients treated with 400 mg imatinib daily and reported that mean steady-state trough plasma was significantly lower in non-responders than in responders (0.70 vs. 2.34 µM; p = 0.002). These researchers defined responders as those who achieved a complete haematological response within 3 months of initiating treatment or those who demonstrated a major cytogenetic response within 6 months of treatment initiation, both responses following the administration of imatinib mesylate at 400 mg/day. Although they did not mathematically estimate the optimum plasma level for a response, they did report the individual levels for both responders and non-responders. Using the approach adopted by Picard et al. [START_REF] Picard | Trough imatinib plasma levels are associated with both cytogenetic and molecular responses to standard-dose imatinib in chronic myeloid leukemia[END_REF], we calculated the ROC curve for the data reported by Singh et al. [START_REF] Singh | Drug monitoring of imatinib levels in patients undergoing therapy for chronic myeloid leukaemia: comparing plasma levels of res-ponders and non-responders[END_REF] (Fig. 1) and obtained an area under the ROC curve of 0.78, which is the same as that reported by Picard et al. [START_REF] Picard | Trough imatinib plasma levels are associated with both cytogenetic and molecular responses to standard-dose imatinib in chronic myeloid leukemia[END_REF]. We also estimated the target trough plasma level of imatinib, again using Singh et al.'s data [START_REF] Singh | Drug monitoring of imatinib levels in patients undergoing therapy for chronic myeloid leukaemia: comparing plasma levels of res-ponders and non-responders[END_REF] under conditions of a trade-off of sensitivity versus specificity (Fig. 2) and obtained a value of 0.95 µM;, which is lower than that reported by Picard et al. [START_REF] Picard | Trough imatinib plasma levels are associated with both cytogenetic and molecular responses to standard-dose imatinib in chronic myeloid leukemia[END_REF]. Using the variance estimates of the blood levels, observed by Singh et al. [START_REF] Singh | Drug monitoring of imatinib levels in patients undergoing therapy for chronic myeloid leukaemia: comparing plasma levels of res-ponders and non-responders[END_REF] and Picard et al. [START_REF] Picard | Trough imatinib plasma levels are associated with both cytogenetic and molecular responses to standard-dose imatinib in chronic myeloid leukemia[END_REF] in their responder groups, we have calculated the 95% confidence intervals for optimal trough threshold to be 1.33-2.07 μM and 0.88-1.02 μM respectively. When we used the optimal cut-off mean blood level of 0.95 µM, obtained using Singh et al.'s data, the sensitivity was 75%, the specificity 85%, the positive predictive value 83%, the negative predictive value 77% and the percentage of subjects correctly classified 90%. 

Dose escalation without TDM

If the target imatinib level is known for imatinib pseudoresistant CML, how effective would a simple dose adjustment be without measurement of the trough plasma level (i.e. without TDM)? In addition to an earlier preliminary report [START_REF] Kantarjian | Dose escalation of imatinib mesylate can overcome resistance to standard-dose therapy in patients with chronic myelogenous leukemia[END_REF], two very recent reports address this issue [START_REF] Kantarjian | Efficacy of imatinib dose escalation in patients with chronic myeloid leukemia in chronic phase[END_REF][START_REF] Jabbour | Imatinib mesylate dose escalation is associated with durable responses in patients with chronic myeloid leukemia after cytogenetic failure on standard-dose imatinib therapy[END_REF]. Kantarjian et al. [START_REF] Kantarjian | Efficacy of imatinib dose escalation in patients with chronic myeloid leukemia in chronic phase[END_REF], in their retrospective analysis of 106 patients enrolled in the IRIS trial [START_REF] O'brien | Imatinib compared with interferon and low-dose cytarabine for newly diagnosed chronic-phase chronic myeloid leukemia[END_REF][START_REF] Druker | Five-year follow-up of patients receiving imatinib for chronic myeloid leukemia[END_REF], reported that dose escalation from 400 to 600 or 800 mg daily, according to the predefined trial protocol or as recommended by European LeukemiaNet guidelines [START_REF] Baccarani | Evolving concepts in the management of chronic myeloid leukemia: recommendations from an expert panel on behalf of the European LeukemiaNet[END_REF], led to about 40% of patients obtaining a cytogenetic response. Jabbour et al. assessed the longterm efficacy of imatinib dose escalation (400 to 800 mg, or 300 to 600 mg) in patients with chronic phase CML who had demonstrated a poor response or relapse on standard-dose imatinib [START_REF] Jabbour | Imatinib mesylate dose escalation is associated with durable responses in patients with chronic myeloid leukemia after cytogenetic failure on standard-dose imatinib therapy[END_REF]. After a median follow-up of 61 months from dose escalation, more than two-thirds of the patients were still alive: 40% achieved complete cytogenetic response, 88% of whom sustained their response beyond 2 years [START_REF] Jabbour | Imatinib mesylate dose escalation is associated with durable responses in patients with chronic myeloid leukemia after cytogenetic failure on standard-dose imatinib therapy[END_REF].

Those two studies [START_REF] Kantarjian | Efficacy of imatinib dose escalation in patients with chronic myeloid leukemia in chronic phase[END_REF][START_REF] Jabbour | Imatinib mesylate dose escalation is associated with durable responses in patients with chronic myeloid leukemia after cytogenetic failure on standard-dose imatinib therapy[END_REF], both of which were led by the Anderson Cancer Centre in Texas, were retrospective analyses of patients enrolled in other studies [START_REF] Kantarjian | Dose escalation of imatinib mesylate can overcome resistance to standard-dose therapy in patients with chronic myelogenous leukemia[END_REF][START_REF] Joensuu | Effect of the tyrosine kinase inhibitor STI571 in a patient with a metastatic gastrointestinal stromal tumor[END_REF][START_REF] Kantarjian | Hematologic and cytogenetic responses to imatinib mesylate in chronic myelogenous leukemia[END_REF][START_REF] Kantarjian | Imatinib mesylate for Philadelphia chromosomepositive, chronic-phase myeloid leukemia after failure of interferon-alpha: follow-up results[END_REF], including those randomised to 400 mg imatinib in the IRIS randomised controlled study [START_REF] O'brien | Imatinib compared with interferon and low-dose cytarabine for newly diagnosed chronic-phase chronic myeloid leukemia[END_REF]. To test the value of dose escalation further, Baccarani et al. [START_REF] Baccarani | Comparison of imatinib 400 mg and 800 mg daily in the front-line treatment of high-risk, Philadelphiapositive chronic myeloid leukemia: a European LeukemiaNet study[END_REF] compared response to 400 or 800 mg daily as the first-line treatment of patients with Philadelphia-positive chronic myeloid leukaemia, defined as high-risk on the basis of the Sokal prognostic classification, which focuses on percentage blasts, spleen size, platelet count and age. Their randomised controlled study surprisingly showed no significant difference between those two dosage regimens (64 vs. 58% with complete cytogenetic response in the 800 mg group vs. the 400 mg group). This led the authors to guard against extensive use of the higher dose [START_REF] Baccarani | Comparison of imatinib 400 mg and 800 mg daily in the front-line treatment of high-risk, Philadelphiapositive chronic myeloid leukemia: a European LeukemiaNet study[END_REF].

Value of TDM

Although the dose-plasma steady-state concentration relationship shows some dose-response linearity, at the higher dose levels, daily single-dose administration suggests some saturation (Fig. 3). Moreover, there is considerable interpatient variability, as shown by the wide inter-subject variability in steady-state plasma level reached in patients given the same dose (Fig. 3). Variability increases with increasing dose so that not all patients reach the target level, even at a dose of 600 mg daily. Figure 3 shows that at the 1200 mg daily dose, the 95% confidence interval extended from <3 µM to >9 µM. Therefore, patients given a higher dose may not achieve a given target concentration. Using Peng et al.'s data and assuming normality, on average, 26% of patients given a 400 mg dose would not achieve Picard et al.'s target trough level of 1002 ng/mL (1.70 µM) compared to less than 0.2% of those given 800 mg; using Singh et al.'s threshold of 0.95 µM , the corresponding values are 2.6 and 0.0001%. Therapeutic dose monitoring would therefore be useful for dose adjustment in order to minimise the number of cases of suboptimal dosing and to obviate the use of the higher dose for all patients. Moreover, the TDM data collected over time would also provide a valuable resource for estimating, through retrospective analyses, the optimum trough blood level for different subgroups of patients, such as those in the blast phase of the disease. These levels can then be efficiently validated through well-designed randomised controlled trials. Interfacing pharmacogenetics and TDM A recent UK House of Lords report [19] warned against genetic exceptionalism, which in the present context can be roughly defined as giving 'privilege to DNA-based information over other types of information', namely other clinical and background data 'that may be equally or more predictive' in the management of individual patients. The case presented here illustrates well the synergy to be derived from integrating pharmacogenetic information, namely the presence of the BCR-ABL1 gene, with TDM of the targeted agent. In CML confirmed by the presence of the appropriate genetic variant (cytogenetically as the Philadelphia chromosome or molecularly as the BRC-ABL1 gene, or the encoded constitutively activated oncoprotein), imatinib is now the first-line treatment in settings where the drug is affordable. This pharmacogenetictargeting benefits from conventional TDM, which ensures that the target level is reached without uncritical doseescalation, thereby reducing the risk of a severe unwanted adverse effect [20].

Although the dose-toxicity response for imatinib is not unequivocally positive, a number of published clinical reports suggest that high doses are less well tolerated. For example, in the LeukemiaNet study, at 12 months, the proportion of subjects discontinuing treatment because of adverse events were approximately twofold higher in those receiving 800 mg daily than in those on 400 mg daily (9/ 108 vs. 5/108) [START_REF] Baccarani | Comparison of imatinib 400 mg and 800 mg daily in the front-line treatment of high-risk, Philadelphiapositive chronic myeloid leukemia: a European LeukemiaNet study[END_REF]. In a recent study of dose escalation after the therapeutic failure of standard-dose imatinib, Jabbour et al. reported that dose reduction was necessary to resolve toxicity problems during long-term follow-up (median 61 months, range 7-89 months), most notably myelosuppression, which affected 13 of the 84 patients, and fluid retention, which affected seven patients. Moreover, in common with many of the newer targeted agents, imatinib is an expensive drug, costing an estimated US$42,000 per year at standard doses [START_REF] Pollack | As pills treat cancer, insurance lags behind[END_REF]. Optimum dosing and pharmaco-economic optimisation help in avoiding unnecessary waste of scarce resources [START_REF] Steinbrook | Saying no isn't NICE-the travails of Britain's National Institute for Health and Clinical Excellence[END_REF]. In some patients, disease control, even with the achievement of the target blood level, may still not be achieved. Current evidence suggests that this may be due to additional mutations conferring resistance [START_REF] Kim | Clinical relevance of a pharmacogenetic approach using multiple candidate genes to predict response and resistance to imatinib therapy in chronic myeloid leukemia[END_REF], and alternative strategies are then necessary, including the use of other targeted agents and combination therapy [START_REF] Quintas-Cardama | Mechanisms of primary and secondary resistance to imatinib in chronic myeloid leukemia[END_REF][START_REF] Volpe | Imatinib resistance in CML[END_REF]. However, neither nilotinib nor dasatinib appears to provide durable responses after failure of imatinib [START_REF] Garg | The use of nilotinib or dasatinib after failure to 2 prior tyrosine kinase inhibitors: long-term follow-up[END_REF]. Multikinase inhibitors, such as bosotunib, also appear to have only limited effects in such patients [START_REF] Quintas-Cardama | Chronic myeloid leukemia in the tyrosine kinase inhibitor era: what is the best therapy?[END_REF]. Allogenic stem-cell transplantation has also been suggested for eligible patients [START_REF] Jabbour | Treatment selection after imatinib resistance in chronic myeloid leukemia[END_REF].

While the targeting of BCR-ABL1 with imatinib is the first, pharmacogenetically guided, logical step in treating CML patients, the use of imatinib is complicated by other aspects of the pharmacogenetics of this drug. Imatinib is metabolised by several of the cytochrome P450 enzymes (CYP450). Of these, CYP3A4 and CYP3A5 appear to be the most important, although CYP1A2, CYP2D6, CYP2C9 and CYP2C19 may also participate [START_REF] Peng | Clinical pharmacokinetics of imatinib[END_REF][START_REF] Gardner | Association of enzyme and transporter genotypes with the pharmacokinetics of imatinib[END_REF]. However, to date, none of the studied CYP450 metabolic enzyme genotypes have shown sufficiently strong predictive power to be useful for imatinib dose-blood level prediction in clinical practice [START_REF] Gardner | Association of enzyme and transporter genotypes with the pharmacokinetics of imatinib[END_REF] when assessed using methodology we have described elsewhere for other types of genetic testing for both prognostic purposes [START_REF] Li-Wan-Po | When is a genetic test suitable for prime time? predicting the risk of prostate cancer as a case-example[END_REF] and critical evaluation of the impact of new variants [START_REF] Li-Wan-Po | Pharmacogenetics of CYP2C19: functional and clinical implications of a new variant CYP2C19*17[END_REF]. This may be due to the complex interactions in the expression of the CYP450 enzymes [START_REF] Meyer Zu Schwabedissen | Hepatic OATP1B transporters and nuclear receptors PXR and CAR: interplay, regulation of drug disposition genes, and single nucleotide polymorphisms[END_REF][START_REF] Willson | PXR, CAR and drug metabolism[END_REF][START_REF] Burk | Cytochrome P450 3A and their regulation[END_REF], including epigenetic effects, the participation of microRNAs [START_REF] Takagi | Posttranscriptional regulation of human pregnane X receptor by micro-RNA affects the expression of cytochrome P450 3A4[END_REF] and their polymorphisms [START_REF] Mishra | MicroRNA reexpression as differentiation therapy in cancer[END_REF] and the interplay between transporters and metabolic enzymes, which has yet to be fully unravelled [START_REF] Benet | The drug transporter-metabolism alliance: uncovering and defining the interplay[END_REF].

Polymorphism of genes coding for transporters are wellknown causes of drug resistance in cancer chemotherapy. The ABCB1 [START_REF] Gurney | Imatinib disposition and ABCB1 (MDR1, P-glycoprotein) genotype[END_REF] and ABCB2 [START_REF] Petain | Population pharmacokinetics and pharmacogenetics of imatinib in children and adults[END_REF] genotypes have been associated with imatinib clearance, although the strengths of association uncovered are, similar to those of the metabolic enzymes, relatively weak and unlikely to be clinically useful for predicting efficacy.

In addition to the gene products which might affect imatinib pharmacokinetics, a number of genes, possibly those involved in the signalling pathways, have also been evaluated with promising results [START_REF] Dressman | Correlation of major cytogenetic response with a pharmacogenetic marker in chronic myeloid leukemia patients treated with imatinib (STI571)[END_REF][START_REF] Mclean | Pharmacogenomic analysis of cytogenetic response in chronic myeloid leukemia patients treated with imatinib[END_REF]. However, again the analyses had insufficient predictive power for routine clinical use.

Other considerations

Given the potential impact on the imatinib's clinical effects, several studies have considered the effect of potential drug interactions on its blood level. Thus, when the potent inducer of CYP3A4, rifampicin, was given concomitantly with imatinib, the area under the concentration-time curve [AUC (0-24 h) ] of the targeted agent decreased by 68% (95% confidence interval 64-70%). This magnitude of change is large enough to be most likely clinically significant, and such interactions should therefore be guarded against [START_REF] Bolton | Effect of rifampicin on the pharmacokinetics of imatinib mesylate (Gleevec, STI571) in healthy subjects[END_REF]. Imatinib, itself an inhibitor of CYP3A4, has been shown to significantly inhibit the metabolism of substrates of this enzyme [START_REF] O'brien | Effects of imatinib mesylate (STI571, Glivec) on the pharmacokinetics of simvastatin, a cytochrome p450 3A4 substrate, in patients with chronic myeloid leukaemia[END_REF]. Given the increased likelihood of combination therapy in cancer patients, constant vigilance is therefore necessary. As patients may inadvertently take non-prescribed herbal and over-the-counter medicines, or indeed dietary components, which may interact, TDM may be the only means of ensuring optimum therapy with critical drugs, such as imatinib. Therapeutic drug monitoring should also help in identifying the non-compliant patient or other unknown factors affecting the achievement of a target blood level despite adequate dosing.

Conclusion

Pharmacogenetic targeting of imatinib in patients with CML is done through the identification of the appropriate genetic variant. Our review and analysis shows that for those patients, a target threshold trough blood level of at least 1 µM and perhaps as high as 1.7 µM would be optimum initially. In the era of personalized medicine, this is best achieved through TDM given the large inter-patient variability in the pharmacokinetics of imatinib and the inadequate predictive power of genetic testing and profiling investigated to date, other than the presence of the BCR-ABL1 oncogene. Therapeutic drug monitoring should ensure that a highly effective drug is used even more effectively to minimise the incidence of pseudo-resistance.
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