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Abstract

Intracellular concentration of imatinib in leukemic cells is thought to affect the clinical efficacy of 

this drug in patients with chronic myeloid leukemia (CML); however, there is no report that 

directly indicates the relationship between intracellular concentration and clinical outcome and/or, 

plasma concentration. In addition, the impacts of genetic variations of drug transporters, which 

mediate leukocyte concentration of imatinib, are unknown. In the present study, we investigated 

the correlation between intracellular imatinib concentrations in leukocytes, plasma imatinib levels, 

and genotypes of drug transporters, including ATP binding cassette B1 (ABCB), ABCG2, solute 
carrier 22A1 (SLC22A1), solute carrier organic anion transporter family members 1B1 
(SLCO1B1) and SLCO1B3. The imatinib levels in leukocytes were determined using HPLC in 15 

patients with chronic phase CML. No significant correlation between intracellular and plasma 

concentrations of imatinib was observed. The intracellular concentration was comparable in both 

patients with or without complete cytogenetic response. The intracellular imatinib concentration 

was significantly higher in patients with SLCO1B3 334TT than in those with 334TG/GG 

(p=0.0188). Plasma concentrations were similar in both SLCO1B3 genotypes (p=0.860), thereby 

resulting in the intracellular to plasma concentration ratio being higher in patients with SLCO1B3 
334TT than those with 334 TG/GG (p=0.0502). These results suggested that the SLCO1B3 
334T>G polymorphism could have a significant impact on the intracellular concentration of 

imatinib in leukocytes as a promising biomarker for personalized treatment of CML patients.
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Imatinib, an inhibitor specific for the breakpoint cluster region-Abelson (BCR-ABL), has 

been shown to be highly effective in the treatment of patients with chronic myeloid leukemia 

(CML).1,2) The relationships between pharmacokinetics and pharmacodynamics of imatinib 

at steady state have been reported.3—5) Picard et al. suggested that trough plasma imatinib 

levels at steady-state are required to exceed 1002 ng/ml to obtain a clinical benefit in 

patients with CML, and that plasma concentrations of imatinib were associated with the 

clinical response.3) These findings suggest that therapeutic drug monitoring of imatinib is 

useful for personalized management of patients with CML.

Recent study suggested that the intracellular concentration of imatinib in leukocytes is 

important for clinical outcome in patients with CML.6—10) White et al. demonstrated that 

the inhibitory concentration 50% for imatinib (IC50) in the level of phosphorylated Crkl on 

mononuclear cells, which correlated with intracellular uptake and retention (IUR) of 

imatinib, was a predictor of molecular response in patients with de novo CML.6—8) Thus, 

monitoring intracellular imatinib levels in leukocytes might accurately predict clinical 

outcome, and be useful in combination with monitoring plasma imatinib levels to establish 

personalized treatment of patients with CML. However, there is no report that directly 

identifies the relationship between intracellular imatinib concentration, plasma 

concentration, and clinical response.

Widmer et al. showed that active transport processes could mediate the concentration of 

imatinib into mononuclear cells.11) Imatinib was known to be substrate for efflux 

transporter, ABCB1 (ATP binding cassette B1, multidrug resistance 1, MDR1), and ABCG2 

(ATP binding cassette G2, breast cancer resistance protein, BCRP) and influx transporter, 

SLC22A1 (solute carrier 22A1, organic cation transporter 1, OCT1), and SLCO1B3 (solute 

carrier organic anion transporter family member 1B3, organic anion transporting polypeptide 

1B3, OATP1B3).8—10,12—15) Previous study have indicated that the genetic variation in drug 

transporters affect imatinib pharmacokinetics and/or clinical response to imatinib; however 

the influence of variants of drug transporters on the intracellular concentration of imatinib 

has not been reported.9,16—18)

In this study, we measured intracellular imatinib levels in leukocytes and investigated the 

correlation between leukocytes imatinib levels and clinical outcome, plasma concentrations, 

and/or an impact of genotype of drug transporters on leukocyte concentration of imatinib in 

CML patients.

MATERIALS AND METHODS

Patients

Intracellular and plasma concentrations of imatinib at steady-state (on day 30 of treatment or 

later) were assessed in 15 patients with CML who were followed up at Kumamoto 

University Hospital during 2003 to 2008. Approval from the ethics committee in Kumamoto 

University Hospital was obtained, and all patients provided informed consent to participate 

in this study, which was performed in accordance with the Declaration of Helsinki. 

Cytogenetic responses to imatinib were assessed using a conventional cytogenetic analysis 

of bone marrow metaphases. Complete cytogenetic response (CCR) was defined as 0% of 
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Philadelphia chromo-some-positive cells in bone marrow aspirate.19) For assay of molecular 

responses, total RNA was isolated from peripheral blood cells or bone marrow cells, and 

BCR-ABL transcript levels were quantified using real-time quantitative polymerase chain 

reaction (PCR). Three or more log reduction in the transcript levels was determined to be a 

major molecular response (MMR).

Buffy Coat Cells Isolation

Two milliliters of 6% dextran was added to 10 ml blood and incubated at room temperature 

for 30 min.20) After incubation, the upper layer containing the leukocytes was separated 

from the red blood cell layer and centrifuged at 2000 rpm for 10 min at 4 °C. The cell pellet 

was washed once in ice-cold phosphate buffered saline (PBS) containing 1% bovine serum 

albumin (BSA) and twice with ice-cold PBS. The obtained pellets were called the buffy coat 

cells.

Measurements of Intracellular and Plasma Concentrations of Imatinib

Quantitative analysis of imatinib in leukocytes was performed using HPLC as described 

previously with some modifications.10,21) Buffy coat cells were added to 1 ml water 

containing 5.25 μg/ml internal standard, clozapine, and the resultant suspension was 

sonicated. The cellular imatinib were then purified by solid phase extraction by Oasis HLB 

(Waters, Milford, MA, U.S.A.). Imatinib and clozapine were eluted with 1500 μl of 

methanol and evaporated to dryness under vacuum. The residue was resuspended in 70 μl 

mobile phase solution of HPLC, and a volume of 50 μl was injected into the HPLC column. 

Plasma concentrations of imatinib were measured using an HPLC method described 

previously.5) The protein concentration was determined by the method of BCA protein assay 

(Pierce, Rockford, IL, U.S.A.) with bovine serum albumin as a standard.

Genotype Analysis

Genomic DNA was isolated from whole blood using MagNA Pure LC DNA isolation Kit I 

(Roche Diagnostics, Mannheim, Germany). TaqMan SNP Genotyping Assays from Applied 

Biosystems (Foster City, CA, U.S.A.) were used to determine the 6 single nucleotide 

polymorphisms (SNPs) including SLC22A1 1022C>T (C_15877554_40), SLCO1B1 
521T>C (C_30633906_10), SLCO1B3 334T>G (C_25639181_40), ABCB1 1236C>T 

(C_7586662_10), ABCB1 3435C>T (C_7586657_20), and ABCG2 421C>A 

(C_15854163_70). The genotype of ABCB1 12677G>T/A was analyzed by Sigma-Aldrich 

DNA Sequencing Service, Japan.

Statistical Analysis

Correlations between two continuous variables were analyzed using Pearson’s correlation 

coefficient test. The Mann–Whitney U test and Student’s t test were used to determine 

differences between two groups with normal and non-normal distribution, respectively. 

Differences were considered statistically significant at p<0.05.
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RESULTS

Intracellular and Plasma Concentration of Imatinib

Characteristics of the 15 patients are summarized in Table 1. Each patient started with the 

standard recommended daily dose (400 mg) of imatinib. However, the daily dose was 

subsequently modified due to adverse events including cytopenia, nausea, edema, and skin 

rash. The dose of imatinib was reduced to 100—300 mg/d in 7 of 15 patients. The trough 

intracellular concentrations of imatinib were measured in 19 samples from 15 patients at 

steady-state. Intracellular concentration of imatinib (mean±S.D.) were 92.1±47.7 ng/mg 

protein. The inter-individual variation was 51.7% in intracellular levels of imatinib. No 

correlation was observed between intracellular and plasma concentrations of imatinib in 

patients with chronic phase CML (Fig. 1, r=0.281, p=0.310).

Intracellular Concentration of Imatinib and Clinical Outcome

Clinical characteristics of the 15 patients with CCR (n=11) or without CCR (n=4) are shown 

in Table 1. There was no difference in the dose of imatinib (<400 mg or 400 mg) between 

patients with CCR and those without CCR (Fisher’s exact probability test, p=0.231). There 

was no relationship between intracellular concentration, plasma concentration, and 

intracellular to plasma concentration ratio and cytogenetic response to imatinib (Fig. 2). 

Similarly, no significant association between these levels of imatinib and molecular response 

to imatinib was observed (data not shown).

Intracellular Concentrations of Imatinib and Geno-types of Drug Transporters

Seven SNPs were analyzed in five genes, including ABCB1, ABCG2, SLC22A1, 

SLCO1B1, and SLCO1B3. The relative frequencies of the variant alleles were comparable 

with previous reported estimates (Table 2). The intracellular concentrations, plasma 

concentrations, and intracellular to plasma concentration ratios of imatinib for each 

genotype of transporters were determined and summarized in Table 3. There were no 

significant differences in intracellular concentrations, plasma concentrations, and 

intracellular to plasma concentration ratios of imatinib among the ABCB1, ABCG2, 

SLC22A1, and SLCO1B1 polymorphisms. However, the intracellular levels of imatinib 

(median S.D., ng/mg protein) were statistically higher in patients with the SLCO1B3 334TT 

(136±6.56) than in patients with the 334TG/GG (60.0±35.25, p=0.0188, Fig. 3A). In 

contrast, imatinib plasma levels were similar in both patients with SLCO1B3 TT and 

TG/GG (p=0.860, Fig. 3B). The intracellular to plasma concentration ratio of imatinib 

(median±S.D., ng/mg protein/μg/ml) appeared to be higher in patients with the SLCO1B3 
334TT (91.5±47.0) than in patients with the 334TG/GG (56.7±25.3), although there was no 

statistical significance (p=0.0502, Fig. 3C). Despite difference in cellular imatinib levels, 

there were no differences in the dose of and response to imatinib between patients with the 

334TT and patients with the SLCO1B3 TG/GG (Mann–Whitney U test, p=0.720, and 

p=0.440, respectively).
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DISCUSSION

We investigated the relationship between intracellular concentrations, and clinical outcome 

and/or plasma concentrations of imatinib, as well as genotypes of transporters mediating 

leukocyte uptake of imatinib in CML patients. There was no difference in leukocytes 

imatinib levels between patients with CCR and those without CCR. No correlation was 

observed between intracellular and plasma concentration in patients with CML. It is 

noteworthy that the intracellular concentration and the intracellular to plasma concentration 

ratio of imatinib appeared to be higher in patients with the SLCO1B3 334TT than in patients 

with the 334TG/GG, although the plasma imatinib levels were comparable in both 

genotypes (Table 3, Fig. 3). The SLCO1B3 334T>G polymorphism could affect the 

leukocyte imatinib levels and possibly clinical response to imatinib in patients with CML.

There was no relationship between the intracellular concentration of imatinib and response 

to imatinib. The leukemia initiating cells are thought to be important for disease eradication.
22) In the present study, we did not separate mature leukocytes and leukemia initiating cells, 

because the population of leukemia initiating cells is relatively small and these cells could be 

insensitive to imatinib. Recently, Engler et al. suggested that the poor response to imatinib is 

not associated with the uptake of imatinib into primitive CD34 CML+cells.23) According to 

this study, the reason for no relationship between the intracellular concentration and 

response may not be due to no separation between mature leukocytes and leukemia initiating 

cells. Therefore, in patients without CCR, intrinsic property of leukemic cells such as 

mutations of BCR-ABL, or alternative survival pathways could be responsible for imatinib 

insensitivity,24—27) because the intracellular and plasma concentration of imatinib are 

comparable between the patients with and without CCR.

In the present study, there were no significant associations between intracellular and plasma 

concentrations of imatinib (Fig. 1). The active transport processes including influx 

transporters might determine the intracellular concentration of imatinib.11) Imatinib is also 

known to be approximately 95% bound to human plasma proteins, mainly albumin and α1-

acid glycoprotein28) and the amount of α1-acid glycoprotein plasma concentrations have 

previously been shown to affect imatinib pharmacokinetics.11) Unbound imatinib fraction, 

which can be taken up by the targeted cells, may be affected by plasma α1-acid 

glycoprotein. Therefore, the activity of drug transporters, unbound fraction of imatinib or 

concentration of α1-acid glycoprotein may influence intracellular imatinib levels.

We showed that the intracellular concentrations of imatinib were higher in patients with the 

SLCO1B3 334TT than in patients with the 334TG/GG (Table 3, Fig. 3). The SLCO1B3 
334T>G polymorphism is known to show a difference in transport activity of endogenous 

steroids and several drugs.29,30) This polymorphism is complete linkage disequilibrium with 

the 699G>A polymorphism. The non-synonymous polymorphism 334T>G and 699G>A 

result in the amino acid exchange Ser112Ala and Met233Ile, respectively. Thus, SLCO1B3 
334TG/GG may affect the leukocyte imatinib levels by modulating transport activity and/or 

its affinity against imatinib. The uptake assay using cells transfected with variant of 

SLCO1B3 will need to be confirmed the influence of SLCO1B3 polymorphism to imatinib 

transport.
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Imatinib is also recognized by the influx transporter SLC22A1 (OCT1).31,32) White et al. 
demonstrated that the OCT1 activity determined the IUR of imatinib and this activity was 

good predictor of response to imatinib treatment.6—8) We observed no relationship between 

the intracellular concentration and SLC22A1 1022C>T polymorphism, which has a 

decreased ability to transport test compound.33,34) Despite the importance of SLC22A1 for 

the IUR and the clinical response to imatinib, there is no report that the SLC22A1 
polymorphisms influences on pharmacokinetics of imatinib.14,16) While Takahashi et al. 
indicated that the SLC22A1 1022A>G polymorphism is probably associated with achieving 

a major molecular response, although this variant did not affect pharmacokinetics of 

imatinib.17) Thus, further work is required to clarify the influence of SLC22A1 
polymorphisms to intracellular concentration of imatinib, because another SLC22A1 
156T>C, 480C>G, and 1222A>G polymorphisms may affect the intracellular concentration 

of imatinib. The SLCO1B1 521T>C polymorphism, which is associated with reduced 

transport activity of several drugs,35,36) could not affect the intracellular concentration of 

imatinib. This result is consistent with the previous report that imatinib is not transported by 

SLCO1B1.14) Imatinib was also transported by efflux transporters including ABCB1 and 

ABCG2.12,13,15) White et al. indicated that these transporters had no contribution to the 

variability in IC50 in mononuclear cells because of low expression of these transporters.7) 

Similarly, we observed no correlation between the variants of ABCB1 and ABCG2 and 

leukocytes imatinib levels.

The differences in the transport activity and expression levels of drug transporters between 

leukocytes and BCR-AB-expressing leukemic cells remain unclear; therefore it might be 

possible that the uptake process is different between normal leukocytes and leukemic cells. 

We have assessed the intracellular imatinib concentration in the mixture of normal 

leukocytes and leukemic cells, although the ratio of leukemic cells in peripheral blood is 

different in each patient with the variable responses to imatinib. To investigate the 

intracellular concentration of imatinib in chronic phase CML patients whose proportion of 

leukemic cells is high such as patients in the early period of medication may be required to 

verify the impact of SLCO1B3 polymorphism on imatinib-targeted leukemic cells.

Previous study demonstrated that high-dose imatinib could achieve early molecular and 

cytogenetic response to imatinib.37,38) In phase III study of daily imatinib 400 mg versus 
800 mg in patients with CML, patients in the 800 mg/d arm who received less than 400 mg/d 

had lower response rate than patients in the 400 mg/d arm, because of the number of days 

off medication due to causing adverse effects.38) Thus, to identify the patients who should be 

received high dose of imatinib is important to adjust treatment strategies. White et al. 
indicated that patients with low OCT1 activity have worse imatinib response and the 

negative impact of low OCT1 activity on mononuclear cells might be overcome by high dose 

of imatinib.8) We observed no difference in the clinical response to imatinib between 

patients with the SLCO1B3 334TT genotype and those with the SLCO1B3 TG/GG geno-

type. It is not clear whether the SLCO1B3 polymorphism affects the clinical outcome and 

could become predictor for dose escalation or not, because this study is small in scale.

In conclusions, we showed no significant correlations between intracellular concentration, 

clinical outcome, and plasma concentration of imatinib. Meanwhile, we have found that the 
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SLCO1B3 334T>G polymorphism was associated with intracellular levels of imatinib in 

leukocytes of CML patients. Thus, the SLCO1B3 334T>G polymorphism could be a 

promising biomarker for personalized treatment with imatinib for CML patients. To confirm 

the relationship between the SLCO1B3 genotypes, the intracellular imatinib concentration, 

and clinical outcome, a large-scale cohort study will be required.
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Fig. 1. Association between Intracellular and Plasma Concentrations of Imatinib
Each point represents the mean value of individual patients. There was no correlation 

between the intracellular and plasma concentrations of imatinib in patients with CML 

(r=0.281, p=0.310). Correlations between intracellular and plasma concentration were 

analyzed using Pearson’s correlation coefficient test.
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Fig. 2. Association between Clinical Response and the Intracellular Concentrations (A), the 
Plasma Concentration (B), and the Intracellular to Plasma Concentration Ratio (C) of Imatinib
Boxes represent the distribution of the 25th and 75th percentiles; lines within boxes 

represent median values. Bars represent ranges. The Mann–Whitney U test (A and C) and 

Student’s t test (B) were used for two-group comparisons. Differences were considered 

statistically significant at p<0.05.
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Fig. 3. Association between the SLCO1B3 334T G Polymorphism and the Intracellular 
Concentration of Imatinib in Leukocytes (A), the Plasma Concentration (B), and the 
Intracellular to Plasma Concentration Ratio (C)
Boxes represent the distribution of the 25th and 75th percentiles; lines within boxes 

represent median values. Bars represent ranges. The Mann–Whitney U test (A and C) and 

Student’s t test (B) were used for two-group comparisons. Differences were considered 

statistically significant at p<0.05.
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Table 1.

Characteristics of 15 Patients Treated with Imatinib

Characteristics

Total 15

Response

 with CHR 3

 with minor CR 1

 with CCR 7

 with MMR 4

Gender

 Male 11

 Female 4

Age at diagnosis (year)

 Median 51

 Range 21—77

BSA

 Mean 1.68

 SD 0.16

Duration of treatment (month)

 Median 19

 Range 3—84

Dose

 400 mg 8

 300 mg 4

 200 mg 2

 100 mg 1
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Table 2.

Genotype and Allele Frequencies of the Studied Variants

Gene
Genotype frequency (No. of patients (%)) Allele frequency

Wt Her Var p q

ABCB1

 1236C>T 1 (6.7) 13 (86.7) 1 (6.7) 0.5 0.5

 2677G>T/A 7 (46.7) 5 (33.3) 3 (20.0) 0.633 0.367

 3435C>T 5 (33.3) 9 (60.0) 1 (6.7) 0.633 0.367

ABCG2

 421C>A 8 (53.3) 7 (46.7) 0 (0) 0.767 0.233

SLC22A1

 1022C>T 10 (66.7) 4 (26.7) 1 (6.7) 0.8 0.2

SLCO1B1

 521T>C 12 (80.0) 2 (13.3) 1 (6.7) 0.867 0.133

SLCO1B3

 334T>G 4 (26.7) 3 (20.0) 8 (53.3) 0.367 0.633
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