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7.1 Introduction

Imatinib is generally a well tolerated therapy. The most frequent side effects reported in phase II trials,

were mild nausea, vomiting, oedema and muscle cramps (Kantarjian et al. 2002a; Sawyers et al. 2002;

Talpaz et al. 2002). Most events were of mild to moderate grade, but drug was discontinued for

adverse events in 2% of patients in chronic phase, 3% in accelerated phase and 5% in blast crisis. In

phase I trials, nilotinib was also reasonably well-tolerated with primary toxicities related to the

haematologic, gastrointestinal and dermatologic systems (Kantarjian et al. 2006).

Proton pump inhibitors (PPI) including pantoprazole (SomacTM), esomeprazole (NexiumTM) (Figure 7.1)

and others, are widely prescribed in the greater community, but also for patients on imatinib therapy to

control the documented gastric side effects. Proton pump inhibitors block the activity of H+/K+ ATPase,

and reduce the production of gastric acid, thus reducing the frequency and side effects of stomach and

duodenal ulcers, gastroesophageal reflux disease and oesophagitis (Lindberg et al. 1986; Stedman &

Barclay 2000). Both pantoprazole and esomeprazole are metabolised in the liver via the Cytochrome

P450 system, in particular by the isoenzymes CXP2C19 and CYP3A4. Imatinib and nilotinib are also

metablised via the Cytochrome P450 system. While there is a potential for interaction between PPI

and these therapies, their prescription, while on concomitant imatinib or nilotinib is not restricted.

In addition to interactions at the level of metabolism, PPI have also been reported to interact with the

drug efflux transporters, ABCB1 and ABCG2. In this context, PPI have been found to be both inhibitors

and substrates of ABCB1 (Luciani et al. 2004; Pauli-Magnus et al. 2001), and ABCG2 (Breedveld et al.

2006; Breedveld et al. 2005) (Balayssac et al. 2005).

The evidence presented in this thesis (Chapters 4, 5 and 6) and from others(Dai et al. 2003; Gurney et

al. 2007; Hegedus et al. 2002; Illmer et al. 2004; Mahon et al. 2003; Ozvegy-Laczka et al. 2004b;

White et al. 2006) (Houghton et al. 2004) (Burger et al. 2004) (Nakanishi et al. 2006), suggests that

imatinib and nilotinib themselves interact with both ABCB1 and ABCG2. These findings provide

impetus for further investigation of the possible interactions which may occur, when PPI and these

drugs are used in combination. Furthermore, reports of adverse cutaneous reactions, arising during

concomitant imatinib and PPI (lansoprazole) therapy, (Severino et al. 2005) not present when either

agent was used in singleton, suggests that drug interactions occur, and may result in symptomatic

presentations. In addition to adverse events currently attributable to concomitant imatinib: PPI therapy,
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it may be that some sub-optimal responses, or toxicities can be attributable to this interaction. Since

PPI’s and imatinib, are substrates and inhibitors for ABCB1 and ABCG2, and are also metabolised by

Cytochrome 450, drug interactions could potentially occur either during metabolism, or at the cellular

level.

To investigate interactions relevant to the leukaemic cell, the intracellular uptake and retention of both

imatinib and nilotinib were assessed, in the presence or absence of PPI, and the degree of change

monitored.
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Pantoprazole

5-(difluoromethoxy)- 2-[(3,4-dimethoxypyridin-2-yl) methylsulfinyl]- 3H-benzoimidazole

Esomeprazole

(S)-5-methoxy-2-[(4-methoxy-3,5-dimethylpyridin-2-yl)

methylsulfinyl]-3H-benzoimidazole

Figure 7.1 Chemical structure and chemical name for Pantoprazole and Esomeprazole
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7.2 Summary and research contribution

The research detailed in this chapter, demonstrates drug interactions which occur at the cellular level,

when proton pump inhibitor therapy is used in combination with imatinib or nilotinib. This is the first

report into this interaction at the cellular level, and provides insight into a possible mechanism for drug

interaction.

Conference Presentations.
White Deborah L, Verity A Saunders, et al. (2007). The intracellular concentrations of imatinib and

nilotinib, can be substantially altered by interaction with other drugs: Studies with proton pump

inhibitors. European Haematology Society, Vienna. (White Deborah L et al. 2007)

White, D. L., Saunders AV, et al. (2007). Proton pump inhibitors interact with transport of both imatinib

and nilotinib. AACR, Los Angeles. (White et al. 2007b)

.
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7.3 Assay development
7.3.1 Intracellular Uptake and Retention (IUR) Assay
The IUR assay was performed essentially as previously described ((White et al. 2006) Chapter 4, 5, 6

and Appendix I Materials and Methods).

Pantoprazole, esomeprazole and prazosin (purchased from Royal Adelaide Hospital Pharmacy) were

made up in sterile water as per manufacturer’s instructions. Stock solution was at 10mM, 20mM and

100mM respectively. The ABCB1 inhibitor PSC833 and the ABCG2 inhibitor Ko143, were used as

previously described.

For initial combination studies, drugs were added simultaneously using the schema in Table 1. For

subsequent experiments, the same schema was applied, but PPI’s were used at lower concentrations.

Results for each arm of the experiment were displayed as ng/200,000 cells and calculated as follows:-

% drug incorporation = cpm cells/cpm total (cells + supernatant)

ng/200,000 cells = (% drug incorporation)/100 x amount of drug added in ng.

To assess the effect of PPI on the IUR for either imatinib or niltoinib results were displayed as

percentage of the control arm, where the control was the test sample with no added combination drug.

Taking the addition of 200 µ M pantoprazole added to 1µ M [14C]-imatinib as an example

[14C]-imatinib

(ng/200,000 cells)

Control +200µM pantoprazole

Calculation % Change

CML1 20 10 ([20-10)/20)x 100 50%

CML3 30 20 ([30-20)/30)x 100 33%

A t-test was used to test for significance of any observed change.

7.3.2 Patient samples and cell lines
Assays were performed in triplicate, in 10 newly diagnosed CML patients, in chronic phase, prior to

the commencement of therapy, and in K562 and K562 DOX cells (previously described).

7.3.3 Cell viability
Cell viability was assessed at the beginning and at the completion of assays to assess the effect of the

drug combination on cell integrity. This was performed using Trypan Blue exclusion.
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Table 7.1 Schema for the addition of drugs imatinib/nilotinib and PPI to assess the effect of the
combination.

This approach provides an IUR readout for the assays in singleton:

IUR of imatinib [14C]-imatinib @ 1µ M

IUR of imatinib [14C]-imatinib @ 2µ M

IUR of nilotinib [14C]- nilotinib @1µ M

IUR of nilotinib [14C]- nilotinib @ 2µ M

And in combination

IUR of imatinib [14C]-imatinib @ 1µ M + 100, 200, and 400µ M PPI

IUR of imatinib [14C]-imatinib @ 2µ M + 100, 200, and 400µ M PPI

IUR of nilotinib [14C]- nilotinib @ 1µ M + 100, 200, and 400µ M PPI

IUR of nilotinib [14C]- nilotinib @ 2µ M + 100, 200, and 400µ M PPI

Pantop - pantoprazole

Eso – esomeprazole



Chapter 7:
The effect of proton pump inhibitors on the intracellular accumulation of imatinib and nilotinib

182

1 µM /2µM Pantoprazole Esomeprazole

Imatinib

or Nilotinib

100µM 200µM 400µM 100µM 200µM 400µM

No Drug - cells only

Imatinib/nilotinib �

IM/NIL + 100 µM Pantop � �

IM/NIL + 200 µM Pantop � �

IM/NIL + 400 µM Pantop � �

IM/NIL + 100 µM Eso � �

IM/NIL + 200 µM Eso � �

IM/NIL + 400 µM Eso � �
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7.4 Results

7.4.1 The effect of pantoprazole on the IUR of imatinib

The median imatinib IUR at 1µ M for the 10 patients analysed was 13.4ng/200,000 cells within a range of 8

to 18ng. The addition of pantoprazole at 100, 200 and 400µ M resulted in a universal decrease in the IUR.

(10.9, 9.9 and 8.8 ng respectively). This decrease occurred in 9 of the 10 patients at all pantoprazole

concentrations (Figure 7.2).The median imatinib IUR at 2µ M was 24.6ng/200,000 cells within a range of

17 to 46ng. The addition of pantoprazole and 100, 200 and 400µ M resulted in a universal decrease in the

IUR. (20.3, 18.9 and 16.2 ng respectively) (Figure 7.2).

The average decrease in the 1µ M imatinib IUR with the addition of 100µ M pantoprazole was 19.5%, at

200µ M was 23.6% and at 400µ M was 30.5%. This decrease was statistically significant at all

pantoprazole doses (p=0.031, 0.0006 and <0.001 respectively) (Figure 7.3 and 7.10). The average

decrease in the 2µ M imatinib IUR was less than that observed in the 1µ M assays, with the addition of

100µ M pantoprazole reducing the IUR by 14.5%, at 200µ M 21.5% and at 400µ M 29.2%. This decrease

was only statistically significant at 400µ M pantoprazole (p=0.201, 0.076 and 0.01 respectively) (Figure 7.3

and 7.10).
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Figure 7.2 The effect of the addition of pantoprazole on the intracellular concentration of imatinib

All assays were performed in triplicate. Assays were only accepted, if triplicate results were concordant

within 10%, if not, assays were repeated. Pantoprazole was added to the imatinib IUR at concentrations

ranging from 100 to 400µ M. At both 1µ M and 2µ M imatinib there was a reduction in the intracellular

concentrations of imatinib in the presence of pantoprazole.
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Figure 7.3 The percentage change in the intracellular concentration for imatinib in the presence

of pantoprazole

At 1µ M imatinib there was a decrease in the IUR of imatinib, in the presence of pantoprazole. This

decrease occurred in 90% of patients at all pantoprazole concentrations tested.

At 2µ M this decrease occurred in 80% of patients at all concentrations tested.

+100µM pantoprazole

+200µM pantoprazole

+400µM pantoprazole

-60

-50

-40

-30

-20

-10

0

10

20

CML1 CML2 CML3 CML4 CML5 CML6 CML7 CML8 CML9 CML10

%
ch

an
g

e
in

IU
R

imatinib @ 1µM

-60

-50

-40

-30

-20

-10

0

10

20

CML1 CML2 CML3 CML4 CML5 CML6 CML7 CML8 CML9 CML10

%
ch

an
g

e
in

IU
R

imatinib @ 2µM

Pantoprazole



Chapter 7:
The effect of proton pump inhibitors on the intracellular accumulation of imatinib and nilotinib

186

7.4.2 The effect of esomeprazole on the IUR of imatinib

The addition of esomeprazole at 100, 200 and 400µ M to the IUR assay in 9 patients, reduced the median

IUR for imatinib at 1µ M from 13.3ng/200,000 cells to 10.2, 10.6 and 9.2ng respectively (p=0.075, 0.045,

and 0.019)(Figure 7.4).The addition of esomeprazole (at 100, 200 and 400µ M ) to the 2µ M imatinib IUR,

reduced the median IUR from 24ng/200,000 cells to 21.7, 19.8, 18.6 ng respectively (Figure 7.5). The

average % decrease was 7.2% at 100µ M, 10.6% at 200µ M and 16.8% at 400 µ M. This reduction reached

statistical significance with the addition of 400µ M esomeprazole only (p=0.287, 0.111 and 0.027) (Figure

7.5 and 7.10).

7.4.3 The effect of pantoprazole on the IUR of nilotinib

In contrast to the findings with imatinib, the addition of pantoprazole to the nilotinib IUR assay resulted in

an increased intracellular concentration of nilotinib. The median IUR for nilotinib at 1µ M was

13.0ng/200,000 cells within a range of 9.9 to 19.7 ng. The addition of 100, 200 and 400µ M pantoprazole

increased the IUR to 16.4ng, 16.6 and 17.4ng respectively. At 2µ M the median IUR was 30.4ng within a

range of 22 to 46ng/200,000 cells. The addition of pantoprazole increased the IUR to 56.8, 66.2 and 74.7

ng respectively (Figure 7.6).

The average % increase in the 1µ M IUR was 25% for 100µ M, 34% for 200µ M and 28% for 400µ M

(Figure 7.7). This increase only achieved statistical significance at 200µ M pantoprazole (p= 0.054, 0.02

and 0.066), though numbers for 100 and 400µ M were approaching significance (Figure 7.10). In contrast,

the addition of pantoprazole to the 2µ M nilotinib IUR resulted in statistically significant increases at all

concentrations of pantoprazole added. The average increase with 100µ M pantoprazole was 76%, at

200µ M, 99% and at 400µ M a119.6% increase was observed (p=0.02, <0.001 and <0.001 respectively)

(Figure 7.7 and 7.10).

7.4.4 The effect of esomeprazole on the IUR of nilotinib

Like pantoprazole, and in contrast to the effect on imatinib, the addition of esomeprazole resulted in a

universal increase in the IUR of nilotinib at both 1 and 2µ M. With the addition of 100µ M the IUR for

nilotinib rose to 15ng, then with sequential additions to 17.3 (at 200µ M) and 16ng/200,000 cells (at

400µ M). At 2µ M nilotinib, 100µ M pantoprazole increased the IUR to 37.3ng, 200uM to 51.6 and 400µ M to

60.7 ng/200,000 cells (Figure 7.8). This increase occurred in all patients at all concentrations.
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The average % increases at 1µ M nilotinib were 19%, 32.4% and 31.7% for 100, 200 and 400µ M

esomeprazole respectively (p= 0.065, <0.001 and 0.001). At 2µ M nilotinib the IUR increased 50%. 117%

and 156% with the sequential addition of esomeprazole (p=0.01, 0.005 and 0.003 respectively) Figure 7.9

and 7.10.

7.4.5 Comparison of the effects of pantoprazole and esomeprazole on the
intracellular concentration of both imatinib and nilotinib.

Interestingly, while esomeprazole and pantoprazole effected the intracellular concentration of imatinib and

nilotinib, the effects were opposing. The intracellular concentration of imatinib decreased, in a statistically

significant manner, with the addition of pantoprazole (at all concentrations tested in the 1µ M IUR, and at

400µ M in the 2µ M IUR). In contrast, nilotinib increased significantly (at all concentrations tested in the

2µ M IUR, and at 200µ M in the 1µ M IUR). Similarly, as shown in figure 7.10, the addition of esomeprazole

resulted in decreases in the IUR of imatinib, and universal increases in the intracellular concentration of

nilotinib.

There was no statistical difference between the effect mediated by pantoprazole or esomeprazole on the

intracellular concentration of nilotinib. However, pantoprazole resulted in greater reductions in the IUR for

imatinib, which was statistically significant when 400µ M of both agents were added to the 1µ M IUR for

imatinib.
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Figure 7.4 The effect of esomeprazole on the intracellular concentration of imatinib

All assays were performed in triplicate. Assays were only accepted, if triplicate results were concordant

within 10%, if not, assays were repeated. Like pantoprazole, esomeprazole was added to the imatinib

IUR at concentrations ranging from 100 to 400µ M. At both 1µ M and 2µ M imatinib there was a

reduction in the intracellular concentrations of imatinib in the presence of esomeprazole.
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Figure 7.5 The percentage change in the intracellular concentration of imatinib in the

presence of esomeprazole

The addition of esomeprazole to the imatinib IUR reduced the intracellular concentration of imatinib by

up to 40% at both 1 and 2µ M imatinib..
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Figure 7.6 The effect of pantoprazole on the intracellular concentration of nilotinib

All assays were performed in triplicate. Assays were only accepted, if triplicate results were concordant

within 10%, if not, assays were repeated. In contrast to the findings with imatinib, pantoprazole, when

added to the nilotinib IUR at concentrations ranging from 100 to 400µ M resulted in a increase in the

IUR for nilotinib, in all patients, at both 1µ M and 2µ M nilotinib.
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Figure 7.7 The percentage change, from no imatinib control, in the intracellular concentration

of nilotinib, when pantoprazole was added

The addition of pantoprazole resulted in a increase in the IUR for nilotinib in all patients. Here the data

from Figure 7.6 is displayed as the % change from control (no PPI). As is displayed, the addition of

pantoprazole resulted in increases in nilotinib of up to 60% at 1µ M nilotinib, and greater than 150% at

2µ M nilotinib.
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Figure 7.8 The effect of esomeprazole on the intracellular concentration of nilotinib

All assays were performed in triplicate. Assays were only accepted, if triplicate results were concordant

within 10%, if not, assays were repeated. In keeping with the findings for pantoprazole, esomeprazole,

when added to the nilotinib IUR at concentrations ranging from 100 to 400µ M resulted in an increase

in the IUR at both 1µ M and 2µ M nilotinib.
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Figure 7.9 The percentage change, from no esomeprazole control, in the intracellular

concentration of nilotinib, when esomeprazole is added

As observed for pantoprazole, while the extent of the increase in IUR of nilotinib did vary between

patients, the effect was universal to all patients. This occurred regardless of whether nilotinib was

studied at 1 or 2µ M.
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Figure 7.10 The overall effect of both pantoprazole and esomeprazole on the IUR of both

imatinib and nilotinib

The percent changes are the change mediated by the addition of PPI, at the stated concentrations,

from the standard IUR assay in the absence of added PPI.

Two hundred µ M pantoprazole results in a statistically significant increase in the 1µ M IUR for nilotinib.

In the 2µ M IUR all doses of pantoprazole result in statistically significant increases. In contrast, all

doses of pantoprazole (100, 200 and 400µ M) result in statsitically significant decreases in the IUR for

imatinib at 1µ M, but only the addition of 400µ M pantoprazole results in a statistically significant

change in the 2µ M IUR.

The addition of both 200 and 400µ M Esomeprazole resulted in a statistically significant increase in the

1µ M nilotinib IUR. All concentrations of esomeprazole (100, 200 and 400µ M) resulted in statistically

significant increases in the 2µ M nilotinib IUR. In contrast, the addition of esomeprazole at 200 and

400µ M resulted in a statistically significant decrease in the 1µ M IUR, but only 400µ M esomeprazole

mediated this response in the 2 µ M nilotinib IUR.

These data show that both pantoprazole and esomeprazole effect the intracellular concentration of

imatinib and nilotinib, however this effect is different for both kinase inhibitors, and more significant in

the nilotinib setting.
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Figure 7.11 Comparison of the effect on the intracellular concentrations of nilotinib and

imatinib with the addition of pantoprazole and esomeprazole (PPI)

The effect of PPI is different for both drugs. The intracellular concentration of imatinib is reduced by the

addition of PPI, but conversely the intracellular concentration of nilotinib is increased. While only

significant at one time point, there is a trend toward pantoprazole being more effective on imatinib than

esomeprazole. There is no significant difference between the effect of the two drugs on nilotinib IUR.
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7.4.6 Effect of PPI on the IC50 for nilotinib and imatinib.
Pantoprazole and esomeprazole were both added at 200µ M to the IC50 assays for imatinib and

nilotinib, in cell lines and in patient samples. There was no measurable effect of esomeprazole on the

IC50imatinib in K562 cells (Figure 7.12). In contrast the addition of esomeprazole to the K562 IC50nilotinib

resulted in a 50% reduction in the IC50nilotinib from 500nM to 250nM (Figure 7.12). In the ABCB1 over

expressing cell line K562DOX, the IC50nilotinib was reduced by 58% with and 62% in the presence of

200µ M esomeprazole (Figure 7.13). In contrast there was a 25% increase (from 8 to 10µ M) in the

IC50imatinib for these cells when 200µ M pantoprazole was added, but an 18% decrease when 200µ M

esomeprazole was added (from 8 to 6.5µ M) (Figure 7.14). Similarly, in patient material the IC50nilotinib

decreased by 40% (from 91 to 54nM) in the presence of 200µ M pantoprazole, but increased by 15%

( from 1.3µ M to 1.5µ M) when pantoprazole was added to the IC50imatinib (Figure 7.15).

7.4.7 The effect of low dose PPI on the IUR of imatinib and nilotinib.
The concentrations of pantoprazole and esomeprazole chosen for the first experiments were selected

based on publications documenting the interactions of PPI with efflux pumps such as ABCB1 and

ABCG2 in in-vitro experiments (Breedveld et al. 2005) (Breedveld et al. 2006). However, with such a

marked change observed for the majority of patients, it was important to assess whether these finding

would be clinically relevant. The concentrations of imatinib and nilotinib used in this study are clinically

achievable on standard dosing regimens. However, In order to assess clinical relevance, PPI’s were

added to the IUR, as previously, but at more clinical relevant concentrations (ie at 5, 10 and 25µ M).

When pantoprazole was added at low doses (5, 10 or 25µ M) it resulted in a reduction of the

intracellular concentration of imatinib. However, this failed to reach statistical significance at any dose

(Table 7.2). In contrast, the addition of pantoprazole at low dose resulted in an increase in the

intracellular concentration of nilotinib, which was statistically significant at 25µ M in both the 1µ M and

2µ M nilotinib IUR.

7.4.8 Effect of low dose pantoprazole on the IC50 for imatinib and nilotinib.
The IC50imatinib and IC50nilotinib were assessed in K562 and K562 DOX cells in the presence of 25µ M

pantoprazole. In K562 cells the IC50nilotinib was reduced from 500 to 400nM (20% reduction) in the

presence of 25µ M pantoprazole. The IC50imatinib in these cells remained constant (Figure 7.16). While

the IC50imatinib also remained constant in K562 DOX cells in the presence and absence of pantoprazole,

the IC50nilotinib reduced by 58%, from 600nM to 250nM. This indicates the increased intracellular

concentration of nilotinib, in the presence of pantoprazole, translates to a significantly reduced
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IC50nilotinib. This effect is greater in K562DOX (ABCB1 over expressing) cells than in K562, again

suggesting involvement of ABCB1. The small, and statistically insignificant change observed in the

imatinib IUR when low dose pantoprazole is added, translates to no measurable effect on the

IC50imatinib (Figure 7.16).

7.4.9 The affect of PPI on the uptake of imatinib.
In 7 patients, the intracellular concentration of imatinib was assessed in the presence and absence of

high dose PPI (100 to 400µ M), with and without the addition of the OCT-1 inhibitor prazosin (Figure

7.17 A). There was a significant reduction in the IUR for imatinib with the addition of PPI at 400µ M

(p=0.04). The addition of prazosin reduced the IUR in the control experiments though this reduction did

not reach statistical significance. (p>0.05). The uptake of imatinib inhibited by prazosin (Total IUR less

the IUR + prazosin) was significantly different from the Total IUR (p<0.001). With the addition of PPI a

small percentage increase (<20%) in IUR was noted in the cells exposed simultaneously with prazosin

(p>0.05) (figure 7.17 B). However, when the prazosin inhibitable IUR, was assessed a significant

difference was observed with the addition of increasing concentrations of PPI (Figure 7.17 B) This

suggests that PPI may be affecting the uptake and retention of imatinib which is inhibitable by prazosin,

and infers that an interaction between OCT-1 and PPI may exist. As the interaction between imatinib

and PPI was not significant at lower PPI concentrations, and because of a scarcity of available cells on

these patients, these assays were not undertaken at lower, clinically relevant PPI concentrations.

7.4.10 Cell viability
The viability was assessed at the beginning and end of the 2 hour culture in selected assays. No

observed difference was noted in viability, with viabilities remaining above 98%.
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Figure 7.12 Effect of Esomeprazole at 200µM on the IC50imatinib and IC50nilotinib in K562 cells.

The IC50imatinib and IC50nilotinib was assessed in K562 cells in the presence (Panel A and B) and

absence (Panel C and D) of 200µ M esomeprazole. There was no effect of 200µ M esomeprazole on

the IC50imatinib for K562 cells (IC50imatinib = 3.8nM and 4nM). However the addition of 200µ M

esomeprazole reduced the IC50nilotinib in this cell line by 50 %, from 500nM to 250nM.

0 2 4 6 7.5 9 10 20 50
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Figure 7.13 Effect of esomeprazole and pantoprazole at 200µM on the IC50nilotinib in

K562DOXcells.

As demonstrated in the IUR assay the addition of PPI increase the intracellular concentration of

nilotinib. These western blots demonstrate that this increase in intracellular concentration of nilotinib,

translates to decreases in the IC50nilotinib of 53 and 62% respectively.
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No PPI
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0 75 150 250 500 750 1000 20000
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Figure 7.14 Effect of esomeprazole and pantoprazole at 200µM on the IC50imatinib in

K562DOXcells.

Both esomeprazole and pantoprazole decrease the intracellular concentration of imatinib. As shown in

these western blots, this decrease did not result in consistently higher IC50imatinib levels, as may have

been anticipated in the scenario of decreased intracellular drug concentration.

0 2.5 5 7.5 10 20 30 40 50 uM

8.0uM

200uM pantoprazole
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No PPI

6.5uM

10uM 25% increase

18% decrease



Chapter 7:
The effect of proton pump inhibitors on the intracellular accumulation of imatinib and nilotinib

203

Table 7.2 The effect of low dose pantoprazole on the intracellular concentration of imatinib and nilotinib.

Data is expressed as % change from control. Control is the standard IUR in the absence of

pantoprazole.

The addition of pantoprazole, at clinically relevant concentrations, between 5 and 25µ M resulted in no

significant change in the IUR of imatinib (Table A).

However, doses of 25µ M pantoprazole significantly increased the IUR for nilotinib,

These data suggest that the effect of PPI on the intracellular concentration of nilotinib, occurs at

clinically relevant concentrations, and as such may be of clinical relevance.
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Figure 7.15 Effect of pantoprazole at 200µM on the IC50 for imatinib and nilotinib in patient

cells.

In keeping with the findings in cell lines, the addition of 200µ M pantoprazole resulted in a 40%

decrease in IC50nilotinib in patient’s cells. There was no significant change in the IC50imatinib with the

addition of pantoprazole.

*indicates difference in %p-Crkl.
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Figure 7.16 Effect of low dose pantoprazole (25µM) on the IC50 for imatinib and nilotinib in

K562 and K562DOX cells.

Similar to the findings with high PPI doses, the addition of 25µ M pantoprazole results in a decrease in

the IC50nilotinib in K562 and K562-DOX cells. However there was no significant difference observed in

the IC50imatinib for either cell line in the presence of 25µ M pantoprazole.
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Figure 7.17 Effect of pantoprazole and esomeprazole on the intracellular concentration of

imatinib assessed as total, prazosin not inhibited and prazosin inhibit able uptake.

Graph A

In 7 patients the reduction in the IUR for imatinib was assessed with respect to the effect of PPI on

imatinib uptake. There was a universal decrease in imatinib IUR as shown previously, but of interest

the uptake of imatinib which is inhibitable with prazosin was significantly decreased. There was no

effect on the uptake not inhibited by prazosin (indicated here with the X axis heading Prazosin). This

indicates that the addition of PPI, at these concentrations, may be also affecting the uptake of imatinib.

Graph B

The % change is calculated from the no PPI control and measured as a % change from each baseline

parameter ie: The % change in Prazosin is the % change from baseline Prazosin and the % change in

prazosin inhibitable is the % change from baseline prazosin inhibitable.

This serves to reiterate the data above and reinforces the observed difference in prazosin inhibitable

uptake, and demonstrates the small increase in the imatinib uptake which is not inhibited by prazosin.

- indicates significant difference at the 0.05 level.

Prazosin – indicates the IUR not affected by the addition of Prazosin

Prazosin inhibitable – indicates the uptake of imatinib which has been inhibited by the addition of

prazosin.



Chapter 7:
The effect of proton pump inhibitors on the intracellular accumulation of imatinib and nilotinib

208

A

B

-180

-160

-140

-120

-100

-80

-60

-40

-20

0

20

40

60

80

P
ra

zo
si

n

P
ra

zo
si

n

in
hi

bi
ta

bl
e

P
ra

zo
si

n

P
ra

zo
si

n

in
hi

bi
ta

bl
e

P
ra

zo
si

n

P
ra

zo
si

n

in
hi

bi
ta

bl
e

P
ra

zo
si

n

P
ra

zo
si

n

in
hi

bi
ta

bl
e

P
ra

zo
si

n

P
ra

zo
si

n
in

hi
bi

ta
bl

e

P
ra

zo
si

n

P
ra

zo
si

n

in
hi

bi
ta

bl
e

100µM Pant 200µM Pant 400µM Pant 100µM Eso 200µM Eso 400µM Eso

%
ch

an
g

e
in

IU
R

(p=0.177) (p=0.045) (p=0.021) (p=0.02) (p=0.016) (p=0.013)

0

2

4

6

8

10

12

co
nt

ro
l

P
ra

zo
si

n

P
ra

zo
si

n
in

hi
bi

ta
bl

e

co
nt

ro
l

P
ra

zo
si

n

P
ra

zo
si

n
in

hi
bi

ta
bl

e

co
nt

ro
l

P
ra

zo
si

n

P
ra

zo
si

n
in

hi
bi

ta
bl

e

co
nt

ro
l

P
ra

zo
si

n

P
ra

zo
si

n
in

hi
bi

ta
bl

e

co
nt

ro
l

P
ra

zo
si

n

P
ra

zo
si

n
in

hi
bi

ta
bl

e

co
nt

ro
l

P
ra

zo
si

n

P
ra

zo
si

n
in

hi
bi

ta
bl

e

co
nt

ro
l

P
ra

zo
si

n

P
ra

zo
si

n
in

hi
bi

ta
bl

e

100µM Pant 200µM Pant 400µM Pant 100µM Eso 200µM Eso 400µM Eso

IU
R

im
at

in
ib



Chapter 7:
The effect of proton pump inhibitors on the intracellular accumulation of imatinib and nilotinib

209

7.5 Summary
Imatinib has proven to be a very successful therapy for CP CML. This therapeutic success, and low

toxicity profile, has to date abrogated the need for extensive investigations into the effect of

concomitant therapies. While some therapies which interact with the Cytochrome P450 metabolising

isoforms, utilized by imatinib and nilotinib, are contraindicated, their use is not prohibited as a

concomitant therapy to either drug. To date, no studies have investigated the clinical effect of

concomitant drugs which may interact with intracellular drug transporters in the setting of either

imatinib or nilotinib.

In Chapter 6, the concomitant use of imatinib and nilotinib was investigated, and a drug interaction at

the target cell level was identified. The evidence presented suggests that this interaction was most

likely mediated via the efflux transporters, ABCB1 and ABCG2. This interaction resulted in significantly

increased intracellular levels of nilotinib in the presence of imatinib, and suggested that the synergistic

to additive effects observed by Weisberg et al (Weisberg et al. 2007) were mediated by increased

cellular level of nilotinib, but not imatinib. In that study, the effect of nilotinib reduced the intracellular

concentration of imatinib, though not significantly.

In the current study, the effect of proton pump inhibitors, namely pantoprazole and esomeprazole, on

the intracellular concentrations of imatinib and nilotinib were studied. This study was limited to these

two PPI, because of their availability in liquid formulation amenable to in-vitro testing. Proton pump

inhibitors have previously been demonstrated to interact with ABCB1 and ABCG2 (Luciani et al. 2004;

Pauli-Magnus et al. 2001), (Breedveld et al. 2006; Breedveld et al. 2005), as have imatinib and nilotinib

(Dai et al. 2003; Gurney et al. 2007; Hegedus et al. 2002; Illmer et al. 2004; Mahon et al. 2003;

Ozvegy-Laczka et al. 2004b; White et al. 2006). In this Chapter, a significant increase in the IUR for

nilotinib, in the presence of both pantoprazole and esomeprazole was demonstrated. This increase

was statistically significant at all concentrations above 25µ M. Pantoprazole and esomeprazole are

equipotent in mediating this effect. Furthermore, this increase translated to a significant reduction in

the IC50nilotinib in both cell lines and patient material. In one patient this resulted in a 40% reduction in

the IC50nilotinib. The largest reduction in IC50nilotinib was observed in the ABCB1 over expressing cell line

K562DOX. Importantly, this reduction occurred in these cells with PPI levels of 25µ M and above.

These findings implicate ABCB1 in this interaction, though because of the absence of an ABCG2 over

expressing, BCR-ABL positive cell line, the additional involvement of ABCG2 cannot be excluded. In
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contrast to the findings with concomitant imatinib administration, the effect of TKI’s was more marked

at higher concentrations of nilotinib (ie in 2µ M nilotinib arm), though the p values in the 1µ M arm may

be indicative that in a larger data series, statistical significance may be reached. In line with the model

suggested in Chapter 6, it would appear likely that PPI are acting as inhibitors of efflux pumps, thus

allowing the intracellular accumulation of nilotinib. The finding of equivalent efficacy suggests that PPI

bind more avidly to efflux proteins, and are not displaced by competition with high concentrations of

nilotinib. While the intracellular uptake mechanism for PPI remain to be determined, some involvement

of facilitated influx of nilotinib, although unlikely.

In contrast to nilotinib, PPI result in a decrease in the IUR for imatinib, which in contrast to the findings

in Chapter 6, did reach statistical significance at PPI doses of 100µ M and above. In contrast to the

effect noted above, but in keeping with the effect noted in Chapter 6, this finding was more pronounced

at 1µ M imatinib than at 2µ M. There was also an apparent difference between the two PPI.

Pantoprazole appeared more effective in reducing the IUR for imatinib at all concentrations tested,

though the difference only achieved statistical significance at 400µ M PPI, in the 1µ M imatinib IUR. In

line with this, the addition of pantoprazole to the IC50imatinib assay resulted in a 25% increase in IC50.

In contrast the addition of esomeprazole resulted in an 18% decrease. There was no significant effect

of PPI on the IC50imatinib observed in patient cells, and no effect of low dose (25µ M) pantoprazole in

either IC50imatinib or IUR. These findings suggest that either PPI are interacting with the influx of

imatinib, thus reducing the IUR, or that imatinib is being bound/and or transported preferentially by

ABCB1 or ABCG2 or both, in a concentration dependent manner. Speculatively, at low concentrations

of imatinib PPI, (in particular pantoprazole) facilitate imatinib transport. At higher concentrations,

imatinib binds to efflux pumps and acts as primarily as an inhibitor. Titrations of higher concentrations

of PPI, overcome the inhibitory effect of imatinib binding, and thus facilitate the transport of imatinib (ie

400µ M in 2µ M imatinib IUR)

The alternate hypothesis that PPI may be interacting with the uptake of imatinib was investigated in a

small series at high PPI concentrations (100 to 400µ M). Interestingly, the addition of PPI significantly

reduced the uptake of imatinib which is inhibited by prazosin, the OCT-1 mediated uptake. The

reasons for this are unclear. Conceivably this could occur by competitive binding for the OCT-1 protein

between PPI and imatinib. However as radiolabelled PPI are not currently available, this is difficult to

investigate. Alternatively PPI may affect a downstream modulator or effector of the OCT-1 protein.

Again, without adequate reagents this would be difficult to investigate. Furthermore, the effect on

imatinib intracellular concentration, mediated by PPI, does not appear to be significant at low, or
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clinically relevant PPI concentrations. Therefore, in the clinical setting this interaction may not mediate

any significant problem, and thus further investigations, if possible, may be of academic interest only.

While this Chapter has focussed on the interaction of imatinib and nilotinib with Proton Pump Inhibitors,

it is important to note, that the interactions may be relevant to many other classes of drug. Many

clinical drugs have been implicated as substrates or inhibitors of pGP (ABCB1). In the setting of

concomitant medications it is also important to note, that those drugs listed as substrates, may also act

as inhibitors where competitive substrate binding occurs.

As stated, the variations observed in this Chapter can most likely be attributable to changes mediated

by drug interactions with ABCB1, ABCG2 or other efflux pumps and OCT-1, as discussed, and can in

some cases be seen as mediating significant interactions at clinically relevant concentrations.

7.6 Overall Comment and significance of this work
The data presented here adds further to the evidence of the importance of the interaction of imatinib

and nilotinib with intracellular drug transporters. In this instance, a significant interactions of PPI with

TKI has been demonstrated, which in the case of nilotinib may be of significant clinical relevance.

Importantly, PPIs may increase intracellular nilotinib levels, leading to toxicity which may not be

suggested by the plasma levels of this drug. However the positive clinical effects of these findings may

be a more uniform exposure to nilotinib by the blockade of variable effects of efflux transporters by PPI,

which may in turn lead to more sustained kinase inhibition. Furthermore, these findings may be

potential exploited to achieve better drug penetration to areas such as CNS and testes.
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8.1 Introduction

As discussed previously in this thesis, and described in the literature (White et al. 2006) (White et al.

2005c) (Thomas et al. 2004) (Wang et al. 2007) (Crossman. L et al. 2005) the primary active influx

mechanism for imatinib is via the human Organic Cation Transporter–1 (OCT-1). The OCT-1 protein is

a member of the largest superfamily of transporters, the solute carrier family (Koepsell & Endou 2004)

which transport in an electrogenic fashion a variety of organic cations including drugs, toxins and other

xenobiotics. The transporter is predicted to have 12 transmembrane domains, and binding pockets

with partially overlapping interaction domains for different substrates and inhibitors (Koepsell et al.

2003). Polymorphisms that affect function have been reported (Kerb et al. 2002) (Shu et al. 2003).

Post transcriptional regulation of OCT-1 by phosphorylation status (Ciarimboli et al. 2005; Ciarimboli &

Schlatter 2005) and such compounds as (protein kinase A (PKA), Src-like p56 and Calmodulin (CaM)

have also been demonstrated.

Crossman et al (Crossman. L et al. 2005) demonstrated in a small patient cohort, that the level of

OCT-1 mRNA was significantly lower in cytogenetic non-responders, than in cytogenetic responders.

This data was recently supported by a larger data series (Wang et al. 2007). However, these finding

were from various diagnostic subgroups (early to late CP) and the majority of patients (78% in the

Wang paper) had been treated with either interferon or hydroxyurea, with several patients

demonstrating progressive disease. This data requires validation in a large series of de-novo, chronic

phase, previously untreated patients.

Both quantitative and qualitative changes in OCT-1 may impact on imatinib uptake. Hence a functional

assay of imatinib uptake into patient’s cells may provide the most clinically predictive assay of OCT-1

activity. To determine the functional level of the OCT-1 protein, prazosin, a potent inhibitor of OCT-1

(IC50 -1.8uM (Hayer-Zillgen et al. 2002)) was used to inhibit OCT-1 from translocating imatinib into the

cell. The rationale was that the difference in intracellular uptake and retention (IUR) of imatinib

determined using [14C]-labelled imatinib, in the presence and absence of prazosin would provide an

estimate of the functional activity of the OCT-1 protein with respect to imatinib transport. This

difference was then termed, OCT-1 Activity. In this Chapter, OCT-1 Activity has been compared with

the IUR of imatinib and the IC50imatinib. Furthermore linking this data to a clinical trial has enabled

assessment of the predictive value of OCT-1 Activity with respect to molecular response, and also

compare outcomes with differing dosage regimens.
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These studies provide valuable information on the role of the OCT-1 protein, in achieving an adequate

intracellular concentration of imatinib and give further insight into the variable responses seen in some

CML patients treated with imatinib. Importantly, these studies can potentially be used to develop

individualized patient treatment strategies, aimed at delivering early and maximal molecular responses.
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8.2 Summary and research contribution

The research detailed in this chapter, the attached manuscript and conference proceedings, increase

the understanding of the importance of the OCT-1 protein and its activity in imatinib response. The

research in this chapter describes the development of the assay and addresses correlations with

previous findings.

Publications
White, D. L., V. A. Saunders, et al. (2007). "Most CML patients who have a suboptimal response to

imatinib have low OCT-1 activity: higher doses of imatinib may overcome the negative impact of low

OCT-1 activity." Blood 110(12): 4064-4072. (White et al. 2007d)

Conference Presentations.
White, D., V. Saunders, et al. (2006). "Molecular Response to Imatinib Is Dependent on Dose in CML

Patients with Low OCT-1 Influx Activity. Patients with High Activity May Respond Equally Well to

Standard or Increased Dose Imatinib." ASH Annual Meeting Abstracts 108(11): 738-.(White Deborah et

al. November 2006)
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8.3 Assay development

8.3.1 Intracellular Uptake and Retention (IUR) Assay

This assay was performed in 132 patients, as previously described. The IUR at 2 µ M was performed in

the presence and absence of 100µ M prazosin to inhibit the function of OCT-1, and thus assess the

OCT-1 Activity of each patient’s cells. As a comparison, Procainamide, also an OCT-1 inhibitor, was

included in the 2µ M imatinib arm in 59 of the 132 patients.

The OCT-1 Activity is defined as:-

Total IUR of imatinib – IUR of imarinib in the presence of Prazosin or Procainamide (ng/200,000 cells).

For example: If the total IUR was 23ng/200,000 cells, and the IUR with prazosin was 13ng then the

OCT-1 Activity was 23-13, therefore 10 ng/200,000 cells.

8.3.2 IC50imatinib assay

The IC50imatinib assay was performed as previously described (Chapters 4, 5 and Appendix I Materials

and Methods).

8.3.3 OCT-1 mRNA levels.

RNA was extracted from a minimum of 5x106 cells using TRIzol Reagent (Invitrogen, Carlsbad, CA).

cDNA was synthesised using Random Hexamers (GeneWorks Pty. Ltd., Hindmarsh, Australia) and

Superscript� II Reverse Transcriptase (Invitrogen). Primers were designed using Primer Express�

software v2.0 (Applied Biosystems, Foster City, CA), sequences were as follows:-

hOCT-1 Forward CTG AGC TGT ACC CCA CAT TCG:

hOCT-1 Reverse CCA ACA CCG CAA ACA AAA TGA

(Sigma-Aldrich Pty. Ltd., Castle Hill, Australia).

Amplification was performed using RT2 Real-timeTM SYBR Green/ROX PCR Master Mix (SuperArray

Bioscience Corporation) on a RotaGene® real time PCR machine (Corbett Biosciences).
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8.4 Results
8.4.1 OCT-1 Activity

The addition of prazosin, a potent inhibitor of OCT-1, to the IUR assay impairs the active transport of

imatinib by the OCT-1 protein. The OCT-1 Activity, which provides a measure of the actual activity of the

OCT-1 protein in the transport of imatinib, was calculated as the difference in IUR in the absence (total

IUR) and presence of prazosin. In 59 patients, inhibition of OCT-1 was also confirmed using an alternate

OCT-1 inhibitor, Procainamide. The correlation in OCT-1 Activities between matched samples using the

two inhibitors was r= 0.945 p<0.001 (Figure 8.1). Furthermore the Chi square analysis, when OCT-1

Activities were dichotomised about the median for each inhibitor, was found to be 31.007 p<0.001.

Examination of 132 patients enrolled to both trials, revealed a wide variation in OCT-1 Activity (median

8.2: Range 0 to 31.2ng/200,000 cells). In replicate assays of 5 patients the IUR values with prazosin

were equal or lower than the values without prazosin. These patients were scored as having negligible

(0ng/200,000 cells) OCT-1 Activity.

8.4.2 The Intracellular uptake and retention of imatinib (IUR) and the IC50imatinib.

The IUR and IC50imatinib for this cohort were extensively examined and discussed in Chapter 4. As

demonstrated, there was a very strong correlation between these two parameters (R=-0.342;p=0.00056)

Refer figures 4.2 and 4.3.

8.4.3 OCT-1 Activity and IC50imatinib

In 99 patients where both IC50imatinib and OCT-1 Activity were measured, there was a significant

correlation between the IC50imatinib and the OCT-1 Activity (r=-.238, p=0.019) (Figure 8.2A). In addition,

grouping IC50imatinib into low and high cohorts according to the median value revealed a significantly

greater OCT-1 Activity in the low IC50imatinib group when compared to the high group (p=0.008)(Figure

8.2B), suggesting that low IC50imatinib and therefore drug effect is related to intracellular uptake.
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Figure 8.1 Comparison between the OCT-1 Activities defined by the OCT-1 inhibitors prazosin

and procainamide.

The OCT-1 Activity was assessed in 59 patients using a second OCT-1 inhibitor Proacainamide

(inhibits OCT-1 and OCT-2). As can be seen there was excellent correlation between the OCT-1

Activity as a result of Prazosin (OCT-1 and OCT-3 inhibitor) inhibition and Procainamide inhibition.
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Figure 8.2 Correlation analysis reveals a link between the IC50imatinib and the OCT-1 Activity for

imatinib

A. There was a correlation between the IC50imatinib and the OCT-1 Activity for imatinib in 99 CP CML

patients who had both parameters measured. Furthermore, as shown in B, patients with a low

IC50imatinib have a significantly higher OCT-1 Activity, than patients with a high IC50imatinib.
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8.4.4 OCT-1 Activity and Sokal Prognostic Score.
The OCT-1 Activity does not correlate with the Sokal Prognostic Score (Sokal et al. 1984)(r=0.019,

p=0.890) (Figure 8.3), and there is no significant difference between the median Sokal scores of the low

and high OCT-1 Activity groups (low OCT-1 Activity 0.96; high OCT-1 Activity 0.975 p=0.712).

8.4.5 OCT-1 Activity, molecular response and the effect of actual dose received.
The OCT-1 Activity was compared to molecular response over the first 24 months of imatinib therapy in

56 patients enrolled to the TIDEL trial, and for whom samples were available for this analysis. Patients

were grouped into low and high OCT-1 Activity based on the median Activity (7.2 ng/200,000 cells) for

this cohort. As shown in Table 8.1. Patients with high OCT-1 Activity (n=27) achieved significantly

higher molecular response over the time course than patients with low OCT-1 Activity (n=29)(p=0.005 at

24 months).

However, because of tolerability issues, not all patients received 600mg of imatinib consistently over the

first 12 months of therapy. To assess the effect of varying dose patients were further sub-grouped into

those patients who received an average daily dose (ADD) of 600mg (n=33) over the first 12 months of

imatinib therapy, and those who received an ADD of less than 600mg per day (n=23 median ADD

523mg). Four patients with ADD <400mg were included in this cohort.

Assessing only those patients with high OCT-1 Activity there is no significant difference in molecular

response between those patients who received <600mg versus those patients who received 600mg or

more over the first 12 months (p=0.449 at 24 months)(Table 8.1). In contrast, in the cohort of patients

with low OCT-1 Activity there is a significant dose effect, with patients receiving 600mg achieving

significantly better molecular responses than those who fail to receive 600mg (p=0.005 at 24

months)( Table 8.1).

Kaplan Meier Analysis revealed an 85% probability of achieving MMR by 24 months in patients with

high OCT-1 Activity (median time to MMR 9 months) versus only 45% of patients with low OCT-1

Activity (median time 24 months) p=0.009 (Figure 8.4). Analysing only those patients who received

<600mg ADD over the first 12 months reveals a significant effect of dose between low and high OCT-1

Activity patients. Of those patients with high OCT-1 Activity (n=12) 83% achieve MMR compared with

only 18% of patients with a low OCT-1 Activity (n=11;p=0.022). Among the 33 patients receiving an

ADD of 600 mg, there was no significant difference according to OCT-1 Activity (p=0.110).
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Performance of a two way analysis of variance, with the dependent variable being molecular response

at 24 months, and dichotomising OCT-1 Activity into low and high based on median values, and ADD to

12 months into 600mg or not, revealed the effect of different levels of dose to 12 months, depends on

the level of OCT-1 Activity (p=0.018). This demonstrates a significant interaction between OCT-1

Activity and dose in the determination of 24 month molecular response.
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Figure 8.3 X-Y plot, demonstrating the lack of correlation between the OCT-1 Activity for

imatinib and the Sokal Prognostic Score.

In 51 patients enrolled to TIDEL where the Sokal Score and the OCT-1 Activities were available,

analysis revealed there was no correlation between the two parameters.

Note: the Sokal Score was not provided as a number, rather as a category (low, medium or high) for

TOPS patients, and hence this data could not be included.

Sokal prognostic Score

0.0 0.5 1.0 1.5 2.0 2.5

O
C

T
-1

A
ct

iv
ity

0

5

10

15

20

25
R=0.019
p=0.890
n=51



Chapter 8:
The Functional Activity of the human Organic Cation Transporter – 1 (hOCT-1) Protein

223

Table 8.1 Assessing the impact of OCT-1 Activity on molecular response in 56 patients enrolled
to the TIDEL trial

(Note: the molecular response is to date not available in patients enrolled to the TOPS trial)

Patients with high OCT-1 Activity achieve superior molecular response at 12, 18 and 24 months when

compared to those patients with low OCT-1 Activity. To address the effect of actual dose received

patients were grouped into those with low, and those with high OCT-1 Activities, and then further sub

grouped into patients receiving <600mg per day, and those receiving 600mg or more. In the groups of

patients with low OCT-1 Activity dose was a significant factor in the achievement of molecular

response, with those receiving � 600mg achieving significantly better molecular responses? However,

in the group of patients with high OCT-1 Activity dose was not a significant factor, with both groups

achieving similar molecular outcomes.
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Average Molecular Response (log reduction in BCR-ABL from

standardised baseline) at 6 monthly Intervals

OCT-1 Activity 12 18 24

low (n=29) 2.6 2.6 2.8

high (n=27) 3.1 3.9 3.9

p-value 0.032 0.006 0.005

Low OCT-1 Activity

<600mg (n=11) 2.1 2.3 2.4

�600mg (n=18) 2.8 3.2 3.4

p- value 0.121 0.023 0.005

High OCT-1 Activity

<600mg (n=12) 2.9 3.3 3.5

�600mg (n=15) 2.9 3.9 3.9

p- value 0.789 0.625 0.449
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Figure 8.4 Kaplan Meier analysis showing the % of patients achieving a major molecular

response (MMR) based on low and high OCT-1 Activity groups.

A significantly greater proportion of patients with high OCT-1 Activity achieve a MMR by 24 months,

when compared to patients with low OCT-1 Activity.
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8.4.6 Effect of dose increase
In the TIDEL trial, dose increases from the initial 600mg to 800mg per day were mandated if a 4 log

reduction in BCR-ABL from the standardized baseline was not achieved by 12 months. In our patient

cohort, 46 patients were scheduled to receive dose increases. In this analysis, a dose increase was

considered to have occurred if the patient received 800mg ADD for at least one month.

For reasons of toxicity only 29/46 (63%) patients in this cohort successfully dose increased to 800mg

per day. The primary reason for inability to increase dose was previous toxicity/tolerance issues,

occurring in 13 of those 17 patients who did not dose escalate. Of the remaining 4 patients, 2 dose

escalated for one month, but did not reach 600mg ADD. It is not known why the remaining 2 patients

failed to escalate.

Dose increase occurred by 14 months in all patients who were able to tolerate dose increase. To assess

the impact of dose escalation, patients were grouped into low and high OCT-1 Activity groups as

previously described, then were further subdivided into those who received increased dose and those

who remained on 600mg or less as shown in Figure 8.5. In the high OCT-1 Activity cohort, there was no

significant difference in molecular response between the patients who dose increased and the patients

who failed to dose increase (p>0.05 at all time points). In contrast, patients with a low OCT-1 Activity

perform equally well as those patients with high Activity when they are dose increased. However, those

who failed to dose increase in the setting of a low OCT-1 Activity had significantly inferior molecular

responses at 24 months (Figure 8.5).
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Figure 8.5 The variable effect of dose increase, on molecular response after 12 months, in

patients grouped as having either high or low OCT-1 Activity.

Patients with low OCT-1 Activity, who failed to dose increase, did not demonstrate an increase in

molecular response over the second 12 months of imatinib therapy. In contrast, those that did dose

increase showed a significant increase in molecular response (p=0.028). In patients with high OCT-1

Activity there was no significant difference in the molecular response achieved over the second 12

months based on dose increase, or maintenance of 600mg ADD (p=0.158).
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The median OCT-1 Activity in patients who failed to achieve MMR by 18 months is significantly lower

than OCT-1 Activity in patients who did achieve MMR (Figure 8.6). These differences in OCT-1 activity

between molecular response groups is most pronounced in patients who were not able to dose

escalate at 12 months (Figure 8.6c). In patients who dose increased at 12 months there is no

significant difference between the 3 groups (Figure 8.6d).

8.4.7 OCT-1 Activity, Suboptimal response and imatinib failure
Suboptimal response has been defined as failure to achieve a major cytogenetic response by 6

months, a complete cytogenetic response by 12 months or a MMR by 18 months (Baccarani et al.

2006). As good correlation between molecular and cytogenetic response has been demonstrated

previously (Branford et al. 1999) we assessed the suboptimal response as failure to achieve 1 log

reduction in BCR-ABL by 6 months, a 2 log reduction by 12 months and a 3 log reduction (MMR) by 18

months. Log Rank Survival Analysis, as reported in Table 8.2, reveals there is no significant difference

in the frequency of suboptimal response at any time point when patients receive 600mg ADD.

However there is a significant difference at all time points when patients receive reduced dose,

demonstrating patients with low OCT-1 Activity who receive reduced dosing (median ADD for this

cohort 511mg) are at substantial risk of suboptimal response to imatinib.

Assessing the failure to achieve a 2 log reduction by 18 months (imatinib failure (Baccarani et al.

2006)) reveals also that a significantly lower proportion of patients with low OCT-1 Activity who

receive reduced dose achieve a 2 log reduction by 18 months (low OCT-1 Activity 36% vs high OCT-1

Activity 8%, p-0.04).

8.4.8 OCT-1 mRNA and OCT-1 Activity
The level of OCT-1 mRNA was measured relative to BCR mRNA in 93 patients. The mean %OCT-

1/BCR mRNA was 0.835 within a range 0.02 to 3.5%. Measures of OCT-1 mRNA were correlated with

OCT-1 Activity (p=0.002, r= 0.378 Pearson Product Moment)(Figure 8.7). Dividing patients into low

and high OCT-1 Activity about the median for this cohort of 7.9 reveals a significant difference between

the two groups. The median %OCT-1 mRNA for patients with low OCT-1 Activity (n=47) was 0.367

compared to 0.635 (n=46) for patients with high OCT-1 Activity (p=0.016)(Figure 8.7).

Interestingly, in the 77 patients where IC50 and OCT-1 mRNA analyses were available, there was no

correlation (r=0.162; p=0.171) between the two parameters (Figure 8.8). Further grouping the patients



Chapter 8:
The Functional Activity of the human Organic Cation Transporter – 1 (hOCT-1) Protein

229

into low and high IC50imatinib and assessing the level of OCT-1 mRNA expression revealed no

significant difference between the two groups (low IC50imatinib n=42, median 0.586; high IC50imatinib

n=35 median 0.546; p=0.570) (Figure 8.8).

Limiting analysis to those patients where 24 month molecular follow-up is available (TIDEL patients), a

significant difference in the molecular response between the two groups (low and high OCT-1 mRNA)

could not be demonstrated (Table 8.3). Also, in contrast to OCT-1 Activity there was no significant

difference between the two groups with respect to dose (600mg or lower), and dose escalation (to

800mg) (Table 8.3) Unlike OCT-1 Activity, mRNA analysis did not reveal a group of patients with

suboptimal response or at risk for imatinib failure (p>0.05 Table 8.4)
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Figure 8.6 The OCT-1 Activity compared to molecular responses (log reduction in BCR-ABL )

at 18 months.

Response criteria assessed are suboptimal response (failure to achieve MMR by 18 months), and

optimal responses (achievement of 3 to 4 log reduction in BCR-ABL, and >4 log reduction by 18

months). Cohorts are divided as follows:-

A All patients irrespective of dose received

B Patients receiving <600mg ADD over the first 12 months

C Patients who failed to dose escalate to 800mg ADD after 12 months

D Patients who successfully dose escalated to 800mg ADD after 12 months of therapy

These data demonstrate that in patients who dose escalate (above 600mg), the impact of the OCT-1

activity is reduced. This finding suggests that dose can overcome the effects of a low OCT-1 Activity.
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% of patients failing to achieve

1 log reduction in

BCR-ABL by 6

months

2 log reduction in

BCR-ABL by 12

months

3 log reduction in

BCR-ABL by 18

months

Patients receiving � 600mg ADD

high OCT-1 Activity

(n=15)

7% 13% 20%

low OCT-1 Activity

(n=18)

0% 0% 44%

P value 0.669 0.560 0.133

Patients receiving < 600mg ADD

high OCT-1 Activity

(n=12)

0% 8% 17%

low OCT-1 Activity

(n=11)

27% 45% 82%

P value 0.005 0.021 0.022

Table 8.2 Percentage of patients failing to achieve previously defined (Baccarani et al. 2006) sub-
optimal response criteria.

There is no significant difference in the frequency of suboptimal response at any time point when

patients receive 600mg ADD, however there is a significant difference at all time points when patients

receive reduced dose.
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A B

Figure 8.7 The OCT-1 Activity is compared to the level of OCT-1 mRNA in 93 CML patients

Graph A shows the correlation between the OCT-1 Activity and OCT-1 mRNA (p<0.002).

In Graph B patients were divided into low and high OCT-1 Activity cohorts about the median.

Representative box plot reveal that patients with a low OCT-1 Activity have lower levels of OCT-1

mRNA, than patients with high OCT-1 Activity (p=0.016)

O
C

T
-1

m
R

N
A

0

1

2

3

4

p=0.016

Low n=47 High n=46

OCT-1 ActivityOCT-1 Activity

0 5 10 15 20 25 30 35

O
C

T
-1

m
R

N
A

0

1

2

3

4

r=0.378
p=<0.002



Chapter 8:
The Functional Activity of the human Organic Cation Transporter – 1 (hOCT-1) Protein

234

A B

Figure 8.8 There was no demonstrable correlation between the IC50imatinib and the level of

OCT-1 mRNA.

As shown in Graph A there was no correlation between the IC50imatinib and the level of OCT-1 mRNA

(p=0.171). Furthermore, grouping patients into low and high IC50imatinib groups revealed no significant

difference in the level of mRNA between the two groups (Graph B) (p=0.570).
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Average Molecular Response (log reduction in BCR-ABL from

standardised baseline) at 6 monthly Intervals

mRNA 12 18 24

low (n=22) 2.9 3.0 3.3

high (n=21) 2.9 3.9 3.9

p-value 0.693 0.09 0.125

Low OCT-1 mRNA

<600mg (n=10) 2.8 2.9 2.9

�600mg (n=12) 2.8 3.1 3.3

p- value 0.971 0.485 0.402

High OCT-1 mRNA

<600mg (n=8) 2.5 3.6 3.7

�600mg (n=13) 2.9 3.9 3.9

p- value 0.337 0.856 0.8

Table 8.3 Assessing the impact of the level of OCT-1 mRNA on molecular response

There is no significant difference in the level of molecular response achieved when patients are divided

into low and high OCT1 mRNA groups. In contrast to the findings with OCT-1 Activity there was no

significant effect of dose on either low or high OCT-1 mRNA groups.
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% of patients failing to achieve

1 log reduction in

BCR-ABL by 6

months

2 log reduction in

BCR-ABL by 12

months

3 log reduction in

BCR-ABL by 18

months

Patients receiving � 600mg ADD

low OCT-1 mRNA

(n=14)

7% 21% 43%

high OCT-1 mRNA

(n=17)

6% 12% 35%

p value 0.662 0.824 0.726

Patients receiving < 600mg ADD

low OCT-1 mRNA

(n=15)

13% 13% 50%

high OCT-1 mRNA

(n=15)

0% 14% 29%

p value 0.069 0.23 0.444

Table 8.4 Percentage of patients failing to achieve previously defined (Baccarani et al. 2006) sub-
optimal response criteria, based on the level of OCT-1 mRNA.

In contrast to the findings with OCT-1 Activity there is no significant difference in the frequency of sub-

optimal response based on OCT-1 mRNA levels, regardless of dose.
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8.4.9 BCR-ABL kinase domain mutations and OCT-1 Activity
Five patients within our cohort of TIDEL patients developed BCR-ABL kinase domain mutations. 4/5

patients had low OCT-1 Activity. 3 were removed from study due to disease progression prior to 12

months, the other being removed at 21 months. The one patient with high OCT-1 Activity who

developed a mutation remained on study for 30 months. Of the 5 patients 3 had mutations within the

P-loop (ATP binding domain of ABL), and 1 patient had multiple mutations.

Given that 4 of these 5 patients had low OCT-1 Activity the primary analysis of the predictive value of

OCT-1 Activity in molecular response was repeated after removing these patients from the analysis.

This was to exclude the possibility that poor response in the low OCT-1 group was due to a higher risk

of acquired resistance, rather than an inferior primary response to imatinib. There remained a

significant difference between low (mean log-reduction in BCR-ABL of 3.0; n=25) and high (mean log-

reduction in BCR-ABL of 3.9; n=27) OCT-1 Activity groups in this modified dataset (p=0.02 at 24

months). In addition, there remained a significant dose related difference within the low OCT-1 Activity

cohort (<600mg log reduction 2.5; >600 log reduction 3.4; p=0.019).

8.4.10 Patients with negligible OCT-1 Activity

There were 5 patients who, in replicate assays demonstrated IUR values without Prazosin equal or

lower than the values with Prazosin (negligible;0ng/200,000 cells) OCT-1 Activity) all failed to achieve

MMR by both 18 and 24 months. 3/5 were intolerant of 600mg imatinib, and all patients could not dose

escalate at 12 months. 2/5 patients had ABL kinase domain mutations (detected at 3 and 9 months

respectively). 3/5 patients had low OCT-1 mRNA levels, 2 of these were the patients with BCR-ABL

kinase mutations.
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8.5 Summary

As discussed previously, the IUR of imatinib correlates with the IC50imatinib, and inhibition of OCT-1 with

Prazosin removes the difference in IUR between the high and low IC50imatinib cohorts. This current

study sought to examine the functional activity of the OCT-1 protein, and explore the relationship

between the amount of imatinib actively transported by OCT-1 and the molecular response of patients

enrolled to the TIDEL trial. The rationale for this approach was that OCT-1, like most drug transporters

is a complex protein, and while mRNA levels may be important (Thomas et al. 2004) (Wang et al.

2007) post-transcriptional regulation, protein level and membrane localisation (Koepsell et al. 2003)

(Cetinkaya et al. 2003) (Ciarimboli et al. 2005) (Hayer, Bonisch & Bruss 1999) are likely key

determinants of functional activity. The combined effects of these variables can be most sensitively

examined in an assay which provides a functional readout of activity.

In this current study, patients with a low IC50imatinib were shown to have significantly greater OCT-1

Activity than patients with high IC50imatinib. Comparing the OCT-1 Activity with molecular response in all

patients enrolled to the TIDEL trial revealed that patients with high OCT-1 Activity achieve significantly

greater molecular responses over 24 months of imatinib treatment than patients with low OCT-1

Activity. While the specified dose was 600mg in this patient cohort, because of tolerability issues not all

patients averaged 600mg over the first 12 months. Separating patients into those averaging 600mg,

and those failing to do so revealed patients with a high OCT-1 Activity achieved good molecular

responses regardless of dose. In contrast, the molecular response of those patients with low OCT-1

Activity was highly dose dependent, with patients receiving 600mg achieving significantly better

molecular response by 24 months. These findings also held true when patients with BCR-ABL kinase

domain mutations who ended study early were removed from analysis. This suggests that the OCT-1

Activity is important in determining primary response to imatinib, and that the significant difference

observed between the two groups stratified on the basis of OCT-1 Activity is not attributable to a small

cohort of patients with secondary resistance. Furthermore, analysis of average daily dose received in

the low and high OCT-1 Activity cohorts reveals no significant difference. This indicates that the

significant difference in molecular response observed between groups is not simply a result of dose

variation.

The TIDEL trial mandated dose increases, if patients failed to reach various molecular milestones. In

this cohort, 29 patients increased dose to 800mg per day by 14 months, as a result of failure to

achieve a 4 log reduction in BCR-ABL by 12 months. Assessing the effect of dose increase at 12
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months and beyond revealed no significant effect in the high OCT-1 Activity group. In contrast, patients

with low OCT-1 Activity who dose increased, achieved comparable molecular responses from 12 to 24

months as those in the high OCT-1 Activity group, and this response was significantly superior when

compared to response in those patients who failed to dose increase. These data indicate that dose is a

critical determinant of long term molecular response in the low OCT-1 Activity cohort, but patients with

a high OCT-1 Activity generally perform well regardless of dose.

Importantly, a group of patients with low OCT-1 Activity who are at higher risk for suboptimal or failed

imatinib response if they do not receive the trial dose of 600mg per day, have been identified. The data

presented here clearly demonstrates that dose is an important factor for overcoming suboptimal

response in low OCT-1 Activity patients. These findings indicate a potential role for increased imatinib

dose up front, in those patients found to have low OCT-1 Activity prior to imatinib start. Intolerance to

higher dose imatinib in these patients may be a trigger to switch to an ABL kinase inhibitor that is not

dependent on OCT-1 for its uptake into cells. We have previously shown that nilotinib is not dependent

on OCT-1 for its intracellular uptake (White et al. 2005a).

One possible determinant of OCT-1 Activity is the level of OCT-1 mRNA present. Using RQ-PCR a

correlation was demonstrated between the level of OCT-1 mRNA and OCT-1 Activity, and there was a

significant difference in the level of mRNA between the low and high OCT-1 Activity cohorts. Despite

this correlation, it is of interest that the level of OCT-1 mRNA is not itself a strong predictor of

molecular response in this de-novo cohort, and the same sensitivity to dose is not demonstrable in the

low OCT-1 mRNA cohort. Furthermore, the level of OCT-1 mRNA did not identify a group of patients at

risk for sub-optimal response or primary imatinib failure. These data suggest that while there is a

correlation between OCT-1 Activity and OCT-1 mRNA, the latter is not sufficient, as a single factor, to

account for the observed differences between the two OCT-1 Activity groups. Other studies have

demonstrated a significant link between OCT-1 mRNA levels and imatinib response (Wang et al. 2007)

(Crossman. L et al. 2005). In the study by Crossman (Crossman. L et al. 2005), a significant difference

was observed between mRNA levels in cytogenetic responders (CyR) and non-responders (CyNR).

This current study differs from that of Crossman et al in that their study patients were assessed after

an extensive period of prior therapy, whereas the TIDEL patient cohort was comprised of previously

untreated, de-novo patients. Furthermore, in this current study 86%(49) of patients achieved CCyR by

12 months of therapy compared to 50%(15) in the Crossman cohort (Crossman. L et al. 2005).
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In the recent paper of Wang at al (Wang et al. 2007) 70 patients were examined, but only 16 of these

patients were previously untreated. High baseline OCT-1 mRNA was found to be a predictor for

superior progression free and overall survival at 5 years. While this study suggests that OCT-1

expression studies are of prognostic value in late chronic phase patients, this may not necessarily

apply to de-novo patients. Many of the patients studied in the Wang paper had developed resistance to

interferon or had disease progression. These variables might impact on OCT-1 mRNA expression.

In this current study five patients developed BCR-ABL kinase domain mutations. Four of these patients

had low OCT-1 Activity and were removed from study prematurely, in comparison to the one patient

with high OCT-1 Activity who remained on drug for 30 months. While it is tempting to speculate about

a link between OCT-1 Activity and Abl kinase domain mutation development, particularly in the setting

of dose sensitivity and superior molecular responses, the current data set remains too small.

Recent studies have suggested that the trough plasma level of imatinib may be a predictor of

cytogenetic and molecular response (Picard et al. 2007). However the critical determinant of the

efficacy of imatinib therapy is the degree of kinase inhibition achieved, which is in turn determined by

the intracellular concentration, rather than the plasma concentration, of imatinib. The intracellular

concentration of imatinib is determined by the plasma concentration as well as the efficiency of uptake

of the drug into the leukemic cells. The OCT-1 Activity assay directly measures the efficiency of

imatinib uptake. Whether a particular plasma imatinib level represents a satisfactory level or not may

depend on the OCT-1 Activity in that particular patient. Thus a combination of plasma imatinib level

and OCT-1 Activity may allow individualised optimization of imatinib dose.

It is interesting to note that even under “optimal” circumstances – patients who averaged 600 mg of

imatinib and had high OCT-1 Activity; there were still approximately 20% who failed to achieve MMR

by 18 months. We speculate that there are likely to be other causes for suboptimal response in these

cases, perhaps not related to the adequacy of BCR-ABL kinase inhibition. However, we have

demonstrated that lower than average doses of imatinib in patients with low OCT-1 Activity account for

the majority of cases of suboptimal response in this patient series.
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8.6 Overall Comment and significance of this work
In this Chapter the differential function of the OCT-1 protein has been explored and found to be a

significant determinant of molecular response in chronic phase CML patients treated with imatinib.

Significantly, the combined effect of low dose and low OCT-1 Activity accounts for the majority of

suboptimal responses observed. Importantly, using this functional assay to determine OCT-1 Activity

at the time of diagnosis may identify patients likely to respond well to standard dose imatinib, and

those who would be most likely to benefit from a higher dose of imatinib.
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Chronic Myeloid Leukaemia (CML) is a myeloproliferative disorder, resulting from neoplastic

transformation of the haemopoietic stem cell compartment (Fialkow, Jacobson & Papayannopoulou

1977). The cytogenetic hallmark of the disease is the Philadelphia chromosome, which results from a

balanced translocation between chromosomes 9 and 22 (t(9;22)(q34;q11) (Nowell and Hungerford

1960) (Rowley 1973) (Caspersson et al. 1970). This translocation results in the juxtaposition of the c-

abl oncogene on chromosome 9, with the Major breakpoint region (M-bcr) on chromosome 22 (Groffen,

Heisterkamp & Stam 1986) (Groffen et al. 1984) (Heisterkamp et al. 1982) (de Klein et al. 1982). The

resultant BCR-ABL fusion gene translates to either a 210kD or 190kD protein (Shtivelman et al. 1985),

with constituitively active tyrosine kinase activity, which results in phosphorylation on tyrosine residues,

and aberrant activation of downstream effector pathways (Daley & Baltimore 1988) (Daley et al. 1990).

The downstream effects of BCR-ABL, which result in uncontrolled proliferation, decreased propensity

to programmed cell death, and genomic instability, have been detailed in Chapter One. Confirmation

that BCR-ABL is causative in the pathogenesis of CML has been gleaned from various mouse

models(Daley et al. 1990; Laneuville et al. 1992) (Daley 1993) (Daley et al. 1991; Heisterkamp et al.

1990).

The natural history of the disease has been transformed in recent years by the introduction of GlivecTM

(imatinib mesylate), which has rapidly been embraced as the new treatment paradigm for chronic

phase CML. The results of Phase I, II and III clinical trials (Kantarjian et al. 2002a; Sawyers et al. 2002;

Talpaz et al. 2002). are reported in Chapter One, and demonstrate that 86% of patients enrolled to the

Phase III IRIS trial achieve a complete cytogenetic response by 5 years (Simonsson & On Behalf of

the 2005) (Druker et al. 2006). Despite this remarkable success, there remains a group of patients,

comprising approximately 15% of patients treated in chronic phase, in whom imatinib is ineffective

(primary resistance), and a second group who respond initially, but then lose response (secondary

resistance). The emergence of heterogeneous mutations within the ABL kinase domain are most

frequently implicated in the occurrence of secondary resistance (Gorre et al. 2001).(Branford et al.

2002; Branford et al. 2003b; Hochhaus et al. 2002; Kreill et al. 2003; Shah et al. 2002). In addition,

duplication of BCR-ABL and additional chromosomal abnormalities have also been implicated(Gorre et

al. 2001; Hochhaus et al. 2002).

However, the underlying cause of primary imatinib resistance is less well defined. Imatinib targets the

ATP binding pocket of the BCR-ABL oncoprotein. Since BCR-ABL is known to be causative of CML,

and the primary genomic abnormality in patients diagnosed in chronic phase, it is somewhat of a
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conundrum that a variability of responses between patients is observed, in CP CML patients. This

variability of response can range from those patients who demonstrate delayed response, to those with

no significant evidence of efficacy. It was this clinical observation that led to the investigations into the

intrinsic sensitivity of patients to imatinib induced kinase inhibition, as detailed in Chapter Two. In this

Chapter utilizing the phosphorylation of the adaptor protein Crkl, an immediate downstream partner of

BCR-ABL, it was demonstrated that there was a large degree of interpatient variation in the degree of

imatinib induced kinase inhibition achieved in-vitro. This study was performed on newly diagnosed,

chronic phase CML patients, prior to the initiation of treatment with 600mg per day imatinib, in the

TIDEL trial. Investigations revealed that patients with good intrinsic sensitivity to imatinib induced

kinase inhibition (low IC50imatinib) achieved superior molecular responses following 12 months of

imatinib therapy, than those patients with poor intrinsic sensitivity (high IC50imatinib). This was the first

report to identify that the degree of kinase inhibition achieved in-vitro, prior to imatinib start, was an

important predictor of subsequent molecular outcome. Furthermore, this study demonstrated that the

degree of kinase inhibition achieved in most patients is partial. Importantly, a group of patients

predisposed to subsequent sub-optimal response, could be delineated prior to imatinib start with the

IC50imatinib assay. These findings were made in the context of a clinical trial where 600mg per day

was mandated. Subsequent validation of this finding in standard (400mg per day) or high dose (800mg

per day) imatinib may lead to the utilization of the IC50imatinib assay as a new prognostic test for CML

patients prior to imatinib therapy. The validity of this test with the second generation kinase inhibitors,

nilotinib and dasatinib, remains to be tested in future clinical trials.

Since imatinib targets BCR-ABL, a logical approach to address the efficacy of the drug in patients, is to

assess the degree of BCR-ABL kinase inhibition which occurs in the early imatinib treatment phase. In

Chapter Three, the degree of in-vivo kinase inhibition achieved in peripheral blood cells over the first

28 days was assessed, using inhibition of p-Crkl as a marker of imatinib induced kinase inhibition. In

this study, analogous to the findings in Chapter Two, a wide variation in the degree of kinase inhibition

achieved in-vivo, was observed between patients. Patients who achieve 50% kinase inhibition by day

28 achieve significantly superior molecular responses over the first 2 years of imatinib therapy, than

those patients who failed to do so.
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Figure 9.1. Intracellular concentration, OCT-1 Activity and their effect on the intrinsic

sensitivity to imatinib induced kinase inhibition.

Panel A demonstrates the scenario of good molecular response arising from high intracellular imatinib

concentration, mediated through good OCT-1 Activity, culminating in high in-vitro sensitivity.

Panel B demonstrates the converse effect. Low intracellular drug concentration, mediated through

poor OCT-1 Activity , resulting in a high IC50imatinib and sub optimal molecular response.

While this diagram implies that the reduced OCT-1 Activity may be a result of quantitative differences

in the OCT-1 protein only, equally this scenario may also arise if the functional activity of the OCT-1

protein is reduced, irrespective of the amount of protein present.
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Indeed, 100% of patients who achieved 50% kinase inhibition achieved a major molecular response.

Furthermore, those patients who failed to achieve 50% kinase inhibition were more likely to exhibit

primary imatinib failure or suboptimal response.

The level of in-vivo kinase inhibition achieved results from a summation of the effects of intrinsic

sensitivity (IC50imatinib), actual dose received and pharmacokinetic factors, such a GI absorption and

hepatic metabolism. The findings in this Chapter suggest that the degree of kinase inhibition achieved

is the main determinant of the extent of molecular response achieved with imatinib therapy, in this

cohort of patients. Importantly, failure to achieve MMR is due predominantly to inadequate kinase

inhibition. Further to the findings in Chapter Two, the results here are consistent with the concept that

BCR-ABL kinase inhibition remains partial in most patients, and that the optimal level of kinase

inhibition is not often achieved on imatinib monotherapy.

Intrinsic sensitivity (IC50imatinib) of patients to imatinib induced kinase inhibition was demonstrated in-

vitro (Chapter Two), and the predictive power of the IC50imatinib detailed. The contribution intrinsic

sensitivity makes to in-vivo kinase inhibition has also been confirmed (Chapter Three). The question as

to the underlying cause of this intrinsic sensitivity remained however to be answered. In Chapter 4

utilising radiolabelled imatinib [14C], it was demonstrated that the amount of imatinib which entered and

was retained by the cell over a two hour period (the same period of time used for the IC50imatinib

determination) correlated strongly with the IC50imatinib. Furthermore, the human organic cation

transporter one (OCT-1) was verified as the major active facilitator of imatinib entry into target CML

cells. While efflux pumps ABCB1 and ABCG2 interact with imatinib, their contribution to the

intracellular concentration of imatinib, in the newly diagnosed CML setting would appear minimal in

most cases.

OCT-1, like most drug transporters, is a complex protein whose functional expression is a result of the

level of mRNA(Wang et al. 2007) (Crossman. L et al. 2005)., the degree of post transcriptional

regulation mediated, the actual protein level and the efficacy of membrane localisation (Wang et al.

2007) (Crossman. L et al. 2005). (Koepsell et al. 2003) (Cetinkaya et al. 2003) (Ciarimboli et al. 2005)

(Hayer et al. 1999). Previous studies have demonstrated that the level of OCT-1 mRNA is predictive of

cytogenetic outcome in imatinib treated CML patients(Crossman. L et al. 2005; Wang et al. 2007). In

Chapter Eight, the levels of OCT-1 mRNA, while correlating with the intracellular concentration of



Chapter 9: Summary.

248

imatinib achieved, was a poor predictor of molecular response. This discrepancy likely arises from the

differing patient cohorts examined, as discussed in detail in this Chapter.

In this Chapter a functional assay of the OCT-1 protein was developed. Applying this assay to patients

enrolled to the TIDEL and TOPS trials, demonstrated that there was a strong link between the OCT-1

Activity and the IC50imatinib, with patients with low IC50imatinib demonstrating a significantly higher OCT-

1 Activity, than patients with high IC50imatinib. Furthermore the effect of OCT-1 Activity was closely

linked to the actual dose of imatinib received in patients with low OCT-1 Activity. Indeed, patients with

low OCT-1 Activity who received lower than average dosing over the first 12 months of therapy,

account for the majority of cases of suboptimal response observed in this patient series. In contrast,

the majority of patients with high OCT-1 Activity achieved good molecular outcome regardless of dose

received (Figure 9.1). The failure of 15-20% of patients in this group to achieve MMR by 18 months,

could possibly be a result of other factors, not related to the adequacy of BCR-ABL kinase inhibition.

Nilotinib, a second generation ABL kinase inhibitor, is up to 20 times more potent than imatinib in in-

vitro autophosphorylation experiments(Manley et al. 2004; Weisberg et al. 2005). The development of

nilotinib arose from the rational assessment of the crystallographic structure of the molecular

interaction between imatinib and the ABL kinase domain. As discussed in Chapter 5, the IC50nilotinib

was significantly lower than the IC50imatinib, and despite the structural similarities between the two

drugs, there was no correlation between the IC50’s. Furthermore there was no correlation between the

IUR for nilotinib and the IC50nilotinib. In keeping with this finding, performance of drug uptake studies, in

the presence of known inhibitors of OCT transporters, indicate that nilotinib, unlike imatinib, is not

transported by the OCT-1 protein. These results suggest that selection of nilotinib as front line therapy,

based on an in-vitro assessment of poor OCT-1 mediated imatinib uptake, may provide a more rational

approach for the selection of the most appropriate tyrosine kinase inhibitor in the future.

Despite their different uptake mechanisms both imatinib and nilotinib, previous studies(Dai et al. 2003;

Gurney et al. 2007; Hegedus et al. 2002; Illmer et al. 2004; Mahon et al. 2003; Ozvegy-Laczka et al.

2004b; White et al. 2006) (Houghton et al. 2004) (Burger et al. 2004) (Nakanishi et al. 2006), and

those detailed in Chapters Four and Five, show that these drugs interact with the ABC transporters

ABCB1 and ABCG2, to varying degrees. While the expression of these transporters is low in chronic

phase CML patients prior to imatinib exposure, previous studies have demonstrated that imatinib

exposure can result in drug induced upregulation of both ABCB1 and ABCG2 (Burger et al. 2005). In a
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recent paper of Weisberg (Weisberg et al. 2007) additive and in some cases, synergistic effects were

observed when imatinib was combined with nilotinib, in in-vitro and in-vivo models. In Chapter Six this

finding was investigated further, and using radiolabelled imatinib and nilotinib, it was demonstrated that

the additive effects are probably the result of an increase in the intracellular concentration of nilotinib,

but not imatinib. Since this is an in-vitro assay, the most likely point of interaction is via transport

proteins, as interactions at the level of metabolism will not be captured using this approach. The

evidence presented here suggests that in the presence of nilotinib, imatinib acts as an inhibitor of

ABCB1, or ABCG2 or both, facilitating intracellular accumulation of nilotinib observed. In keeping with

the findings of Weisberg (Weisberg et al. 2007), this interaction was concentration dependent.

Other commonly used drug classes are known to be inhibitors of, or transported by, the ABC

transporters ABCB1 and ABCG2. Proton pump inhibitors (PPI), such as pantoprazole and

esomeprazole, have been reported to be both inhibitors and substrates for these transporters. Proton

pump inhibitors are used widely in general medicine, but also commonly in imatinib treated patients,

for control of gastric related side effects. In view of the interactions observed in drug combination

studies presented in Chapter Six, the effect of PPI on the intracellular drug concentration of imatinib

and nilotinib was investigated. As presented in Chapter 7, and in keeping with the findings of Chapter

Six, inhibition of ABCB1 and/or ABCG2 by PPI resulted in a significant increase in the intracellular

concentration of nilotinib. Significantly, this increase occurred at clinically relevant concentrations. This

finding confirms the findings in the previous Chapters and suggests that nilotinib is a substrate for the

ABC transporters analysed.

In contrast, the intracellular concentration of imatinib was significantly reduced in the presence of high

concentrations of PPI. While this reduction was only statistically significant at high PPI concentrations,

a decrease was also observed at loer, clinically relevant concentrations. Conceivably this observations

could be the result of imatinib being effluxed in the presence of PPI in a concentration dependent

manner. Alternatively, as the evidence presented for high dose PPI suggests, this class of drug may

act to reduce the OCT-1 Activity. The exact mechanism for this has yet to be elucidated, primarily

because of the absence of appropriate reagents. Speculatively, the interaction may be a direct one,

with PPI interacting directly with the OCT-1 protein. Alternatively, PPI may interact with a downstream

modulator or effector of the OCT-1 protein.
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Chapters Six and Seven, indicate that imatinib and nilotinib display the ability to interact with other

drugs, and with each other. The weight of evidence suggests that the majority of this interaction is not

through direct drug:drug interactions but rather is mediated through the ABC efflux transporters

ABCB1 and ABCG2 (Figure 9.2). However there is also some evidence that the OCT-1 Activity may be

modulated in the presence of some concomitant medications, such as PPI. While the data presented

here is related to imatinib:nilotinib combinations, and also to the interaction of PPI with both TKI’s, the

findings may be relevant to the many classes of drugs known to interact with ABCB1 and ABCG2

transporters.

Speculatively, increases in the intracellular concentration of nilotinib, in the presence of imatinib, or

other ABC inhibitors, may result in off target toxicity, not identified by the plasma levels of the ABL

kinase inhibitors. However, as demonstrated earlier in this thesis, the degree of kinase inhibition

occurring in-vitro and in-vivo in imatinib treated patients, is a key determinant of subsequent molecular

response. Therefore, the positive clinical effects of these findings may be a more uniform exposure to

nilotinib by the blockade of variable effects of efflux transporters by PPI, which may in turn lead to

more sustained kinase inhibition. Furthermore these findings may be potential exploited to achieve

better drug penetration to areas such as CNS and testes.

Taken in its entirety, the data presented in this thesis has demonstrated that the degree of kinase

inhibition mediated through exposure to imatinib, both in-vitro and in-vivo, is a significant predictor of

subsequent molecular response, in previously untreated, chronic phase CML patients. A major

determinant of this intrinsic sensitivity is the amount of imatinib which is accumulated within the target

leukaemic cell, and this is controlled by the functional activity of the human organic cation transporter

one (OCT-1). Furthermore, evidence is presented to demonstrate that imatinib interacts with the ABC

efflux transporters ABCB1 and ABCG2, but that the influence of these transporters is not significant in

the majority of CP CML patients. In contrast, to imatinib, intrinsic sensitivity to the second generation

kinase inhibitor, nilotinib, does not appear related to the intracellular concentration of the drug

achieved. Furthermore, nilotinib is not dependent on OCT-1 for uptake into haematopoietic cells. Like

imatinib, nilotinib also interacts with ABCB1 and ABCG2. Strikingly, and in contrast to the findings with

imatinib, modulation of these proteins using known inhibitors, results in significantly increased nilotinib

intracellular accumulation, which translates to increased in-vitro sensitivity. The impact of these finding

with nilotinib is yet to be tested in the clinical setting, in CP CML patients.
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In conclusion the findings with imatinib, when substantiated in standard and high dose settings, may

allow for the rational selection of the most appropriate front line kinase inhibitor, based on intrinsic

sensitivity and OCT-1 Activity, for all CP CML patients. In the clinical setting, exploitation of the

findings described with nilotinib may lead to enhanced drug delivery, and better drug penetration, into

previously problematic areas such as the CNS, where ABC transporters provide a protective and

resistant barrier to efficient exogenous drug delivery.
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Figure 9.2 Nilotinib transport mechanism.

As depicted in panel A, the IC50nilotinib appears to not be related to the intracellular concentration of

nilotinib achieved. The uptake of the drug based on the evidence in this thesis is not OCT-1 mediated,

and appears largely to be passive. Nilotinib, like imatinib interacts with both ABCB1 and ABCG2.

In Panel B, the intracellular concentration of nilotinib is increased significantly in the presence of

ABCB1 and ABCG2 inhibitors such as proton pump inhibitors (PPI) and imatinib. This results in an

overall decrease in the IC50nilotinib.
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Table I.1 Suppliers of commonly used reagents

Reagent Company/ Supplier Catalogue number

0.1 M DTT Initrogen 18064-014

Acrylamide Solution

40% bis-acrylamide, 37.5:1 ratio
Bio Rad

161-0148

Alkaline-phosphatase-conjugated

anti-rabbit immunoglobulin
SantaCruz

SC2007

Anti-Crkl antibody C20Ab Santa Cruz SC-319

Chloroform Merck 100776B

DEPC water MP Biomedicals inc. 821739

dNTP set (N = A, C, G, T) Amersham 27-2035-02

ECF substrate Attaphos Amersham Biosciences RPN5785

Ethanol Merck 6-10107-2511

Foetal Bovine Serum (FBS) JRH Biosciences 12103-500ml

Glycogen Roche 901393

Hanks Balanced Salt Solution

(HBSS) Ca++ and Mg++ free.
SAFC Biosciences USA #55021C-500ML

HEPES 1M SAFC Biosciences 59205C-100ml

Isopropanol Merck 6-10224.2511

L Glutamine 200mM SAFC Biosciences 59202C-100ml

Lymphoprep Axis Shield. Oslo Norway # 1114547

Membrane blocking agent Amersham Biosciences RPN 2125V

MICROSCINT-20 scintillation fluid PerkinElmer #6013621

Monoclonal antibody for Flow

Anti-human Bcrp1/ABCG2-PE

R&D Systems
# FAB995P

Monoclonal antibody for Flow

P-glycoprotein (MDR-1) PE
Immunotech : France 2370

Negative Control Antibody for Flow,

Mouse IgG1 FITC-conjugated

Dako Cytomation Denmark x0927

Negative Control Antibody for Flow,

Mouse IgG1 RPE-conjugated

Dako Cytomation Denmark # x0928

Negative Control Antibody for Flow, Dako Cytomation Denmark X0951
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Mouse IgG2b RPE-conjugated

Penicillin 5000U/ml Streptomycin

5000µ g/ml

Sigma Biosciences P4458

Prazosin

(Prazosin Hydrochloride,

MW=419.9)

Sigma P7791-(250MG)

Procainamide

(Procainamide Hydrochloride,

MW=271.79)

Sigma P9391-100MG)

Progesterone Sigma P-6149

Protein Markers Benchmark Invitrogen 10748-010

PVDF Membrane Amersham Biosciences PRN 303F

Random Hexamer Primer (100µg

stock)

Geneworks RP-6

RPMI Medium w/o L-Glutamine.
Ca++ and Mg++ free.

SAFC Biosciences USA 51502C-500ML

See Blue Plus 2 Standard Invitrogen LC5925

SuperScript II Reverse

Transcriptase

Invitrogen 18064-014

SYBR Green Supermix (BIO-RAD) Bio Rad PA-012-24

Trizol reagent Invitrogen 10296-028

Trypan Blue Solution Sigma T8154
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I.2 Commonly used Reagents

1.2.1 Cell culture media

For all cell lines used in this study

RPMI 1640 Medium 500 ml

To this the following was added

1% L-Glutamine(200mM) 5ml

Pen 5000 U/mL / Streptomycin Sulphate 5000 µ g/mL

5 ml

10% Foetal Bovine Serum (FBS) 50 ml

Store at 4oC, and preheat to 37oC in a waterbath prior to use.

1.2.2 Imatinib mesylate, MW = 589.72

Imatinib mesylate (imatinib; Glivec; formerly STI-571) was provided by Novartis (Switzerland).

Stock solutions of this compound were prepared at 10 mM with distilled water, sterile filtered and

stored at -70ºC.

1.2.3 Nilotinib, MW = 529.5

Nilotinib (formerly AMN107) was provided by Novartis (Switzerland). Stock solutions were prepared at

10mM in DMSO and stored at 4ºC.

1.2.4 50% Mixture of hot and cold imatinib, 100 µM – for 1 mL :

14C-Imatinib,1695.72 µ M 29.5 µ l

10mM imatinib 5 µ l

RPMI medium 966 µ l

1.2.5 50% Mixture of hot and cold nilotinib, 10 µM – for 1 mL :

14C-Nilotinib, 1882 µ M 2.66 µ l

1mM nilotinib 5 µ l

RPMI medium 992.3 µ l
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1.2.6 Flow Cytometry Fixative (FACS Fixative)

PBS 500mL

40% w/v Formaldehyde 5.0mL

D-glucose 10.0g

NaN3 0.1g

The formaldehyde, azide and glucose were added to the PBS, and the solution stored indefinitely at

4°C.

I.2.7 Freeze Mix
70% Hanks BSS

20% FBS

10% DMSO

This is made up fresh for each batch of samples to be cryopreserved.

1.2.8 Thaw Solution

Hanks BSS 500mls

To this add

FBS 25 mls (ie 5% FBS)

ACD 25mls (5%)

HEPES 1M 5mls

The solution was stored at 4°C, and heated to 37°C in a water bath prior to use.

1.2.9 White Cell Fluid

Acetic acid 2.0mL

Milli-Q® Water 98mL

Methyl Violet Few crystals

Acetic acid was added slowly to Milli-Q® water. The methyl violet (Gurr®, BDH) was then added, and

the solution mixed well to ensure that the crystals completely dissolved. The solution was filtered using

a 0.2�m bottle top filter, and stored indefinitely at room temperature.

1.2.10 Hanks Balanced Salt Solution (HBSS)
Ca++ and Mg++ free.
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Add 0.05mM Hepes prior to use.

JRH Biosciences USA Cat #55021-500mls

1.2.11 Laemmli’s Buffer

50 mmol/L Tris-HCl, pH 6.8,

10% glycerol

2% SDS

5% β-mercaptoethanol

0.1% bromophenol blue

1 mM NaVanadate

10 mM NaFluoride

1.2.12 1 x TBS

20 mmol/L Tris-HCl, pH 7.5

150 mmol/L NaCl

1.2.13 1 x TBST

20 mmol/L Tris, pH 7.5

150 mmol/L NaCl

0.1% Tween20

1.2.14 dNTP set (N = A, C, G, T)

25mM stock = 40µl of each dNTP

Working stock: 5mM = 20 µl of 25mM stock in 80 µl DEPC water

1.2.15 Random Hexamer Primer (100µµµµg stock)

Working stock: 250ng/µl = 100µg in 0.4 ml DEPC water

1.2.16 Prazosin - inhibits OCT-1
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Used at 100 µ M from 10mM stock

10mM stock = 4.2 mg / mL methanol

1.2.17 PSC833 – inhibits ABCB1/MDR
(kindly provided by Novartis)

Used at 10 µ M from 8.23mM stock

8.23mM stock = 10 mg/mL = 10mg / 500 µ l 9:1 Ethanol:Tween20, + 500 µ l water

1.2.18 Procainamide – inhibits OCT-1 and OCT-2

Used at 100µ M from 1M stock

1M stock = 271.79 mg / mL water

1.2.19 Ko143 – inhibits ABCG2/BCRP1
(kindly provided by Dr John Allen)

Used at 0.5 µ M from 1mM stock in sterile water
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I.3 General techniques.

I.3.1 Lymphoprep isolation of mononuclear cells

40-60 mls of Peripheral blood from patients was CML, was collected into Lithium Heparin tubes.

All blood was collected with informed consent in accordance with the Declaration of Helsinki. A white cell

count was performed using white cell fluid and a maximum of 108 cells were placed into a 50mL

polypropylene conical tube (Falcon), (maximum of 25 mls of blood). The blood volume was brought to

35mls using HBSS and underlaid with 15ml of lymphoprep . Tubes were then centrifuged at 1400rpm

(400g) for 30 mins. The interface containing the mononuclear cells was then transferred to another

50mls centrifuge tube and cells were washed once in HBSS. Cells were then counted using white cell

fluid.

I.3.2 Cryopreservation of cells
Cells were cryopreserved in a solution of 70% Hanks BSS, 20% FBS and 10% cryoprotectant,

dimethylsulphoxide (10% (v/v) final concentration) (DMSO)[Freeze Mix]. Cells were pelletted at the

desired concentration and Freeze Mix was added to the cells drop-wise with constant mixing. The cell

suspension was transferred quickly to cryoampoules (Nalgene®) and the samples stored in liquid

nitrogen (-196°C). The final concentration of cells was a maximum of 2.0x107/mL.

I.3.3 Thawing of cells

Cells were removed from liquid nitrogen and thawed rapidly in a 37°C water bath. The thawed cell

suspension was transferred quickly to a 50mL polypropylene conical tube (Falcon), and approximately

15mL of thaw solution (warmed to 37°C) was added dropwise with constant mixing. The sample

volume was then increased to 30mL with thaw solution and the cells pelleted by centrifugation at 420g

for 5 minutes in a Heraeus multifuge 3S-R bench top centrifuge. The supernatant was aspirated and

the cells washed a further twice with HHF to remove any residual DMSO.

I.3.4 Cell counts and viability

Cell concentration was determined by diluting the cell suspension in white cell fluid (WCF), while cell

viability was assessed by diluting samples with 0.4% trypan blue solution. Ten microlitres (10�L) of

these suspensions were transferred to a haemocytometer counting chamber (Neubauer Improved,

Assistant, Germany) and cell concentration and viability calculated accordingly.
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1.3.5 Maintenance of cell lines

All appropriate tissue culture techniques were performed in a Class two “biohazard”

laminar flow hood (Gelman Sciences).

Non-adherent cell lines were maintained at a cell density between 1.0x105 and 1.0x106/mL in 25cm2,

75cm2 or 150cm2 tissue culture flasks (Greiner). Media (RPMI + 10% FBS as per above Commonly

used reagents) was prewarmed to 37°C prior to use. Cultures were incubated in a 37oC/5%CO2

incubator. Cell cultures were checked every second day for contamination, counted and replated at

the above concentrations
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I.4 Specialised Techniques

I.4.1 IC50 Assay (In-vitro kinase inhibition assay)
Preface notes:

Peripheral blood (PB) samples must be obtained prior to the commencement of Glivec therapy, or from

patients in cytogenetic and molecular relapse. Mononuclear cells (MNCs) are harvested from PB by

Lymphoprep density gradient centrifugation. Experiments must be performed on fresh cells, either on

the day of isolation or after overnight storage at 4ºC in HBSS medium supplemented with 5% FBS

(Foetal Bovine Serum).

4x106 MNCs were cultured at 2x105 cells/ml in RPMI 1640 medium supplemented with 10% Foetal

Bovine Serum (FBS) in T/C flasks for 2 hours (37ºC, 5% CO2, 100% humidity) with a range of

concentrations of imatinib (See Table I.2). In addition a no imatinib/nilotinib control was set up as a

100% p-Crkl measure. For this 4x106 MNCs are incubated in the absence of imatinib/nilotinib

After 2 hours, the cells were washed once with cold PBS and lysed in Laemmli's buffer at 106 cells per

10µ l buffer, by boiling in a 100oC heat block for 12 minutes. Cell lysates were then clarified by

microfugation for 5 minutes at 13000rpm and stored at -20ºC until gel is to be run. 20µ l of protein

lysate (corresponding to 2x106 cells) is then resolved on a SDS 10% polyacrylamide gel. Protein

markers, as listed in reagents, were loaded on either side of the gel (ie: two markers per gel).

When electrophoresis was complete then protein was electrophoretically transferred to PVDF

membrane. The membrane was then blocked for 1 hour at room temperature with 2.5% membrane

blocking agent (Amersham Biosciences) in 1xTBS. The membrane was then probed 2 hours at room

temperature with anti-Crkl antibody (Santa Cruz) in 2.5% blocking solution. Following this, the

membrane was rinsed twice in 1 x TBST buffer, and then washed for 3x5 min with 1xTBST buffer.

The membrane was then Incubated for 1 hour at room temperature with alkaline-phosphatase-

conjugated anti-rabbit immunoglobulin (SantaCruz) in 2.5% blocking solution., then rinsed twice in 1x

TBST buffer and washed 3x5 minutes in 1xTBST buffer and then 2x5 minutes in 1xTBS buffer.

Bound antibodies were detected with ECF substrate (AmershamBiosciences) by FluorImager analysis

(Molecular Dynamics). Phosphorylated and non-phophorylated Crkl bands were then quantified using

ImageQuant software and the % of phosphorylated Crkl (p-Crkl) determined as a % of the total Crkl.

The IC50 was the calculated by plotting a curve of %p-Crkl against the dose of imatinib after normalising

the 0uM imatinib lane to 100%.
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µM
inhibitor [stock]

vol (20
mL) DMSO

IMATINIB
B1 0 --- --- 100 µ l
B2 0.25 1 mM 5 µ l 100 µ l
B3 0.5 1 10 µ l 100 µ l
B4 0.75 1 15 µ l 100 µ l
B5 1 1 20 µ l 100 µ l
B6 1.5 1 30 µ l 100 µ l
B7 3 10 mM 6 µ l 100 µ l
B8 10 10 20 µ l 100 µ l
B9 50 10 100 µ l 100 µ l
AMN107 (Nilotinib)

C1 0 --- --- 100 µ l
C2 0.005 10 µ M 10 µ l 90
C3 0.01 10 µ M 20 µ l 80
C4* 0.025 100 µ M 5 µ l 95
C5 0.05 100 µ M 10 µ l 90
C6 0.1 100 µ M 20 µ l 80
C7 0.25 1 mM 5 µ l 95
C8 0.5 1 mM 10 µ l 90
C9 50 10 mM 100 µ l ---

Table I.2 Imatinib /AMN107(nilotinib) Titrations
For 4 x 106 cells per flask

The coloured regions indicate the most common range of results.
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I.4.2 In-vivo kinase inhibition assay.

Peripheral blood (PB) samples were collected at baseline (pre –imatinib therapy) then weekly intervals

for the first 28 days. Mononuclear cells (MNCs) were harvested from PB by Lymphoprep density

gradient centrifugation.

2 to 5 x 106 MNC were dispensed into a 1.5ml eppendorf tube, and pelleted by microfugation for 5

mins at 6500rpm and all media was removed..MNC were lysed in Laemmli's buffer at 106 cells per

10µ l buffer, by boiling in a 100oC heat block for 12 minutes. Cell lysates were clarified by microfugation

for 5 minutes at 13000rpm and stored at -20ºC until the gel was run. 20µ l of protein lysate

(corresponding to 2x106 cells) was resolved on an SDS 10% polyacrylamide gel, and then protein was

electrophoretically transferred to PVDF membrane.

The membrane was then blocked for 1 hour at room temperature with 2.5% membrane blocking agent

(Amersham Biosciences) in 1xTBS. The membrane was then probed 2 hours at room temperature with

anti-Crkl antibody (Santa Cruz) in 2.5% blocking solution. Following this, the membrane was rinsed

twice in 1 x TBST buffer, and then washed for 3x5 min with 1xTBST buffer.

The membrane was then Incubated for 1 hour at room temperature with alkaline-phosphatase-

conjugated anti-rabbit immunoglobulin (SantaCruz) in 2.5% blocking solution., then rinsed twice in 1x

TBST buffer and washed 3x5 minutes in 1xTBST buffer and then 2x5 minutes in 1xTBS buffer.

Bound antibodies were detected with ECF substrate (AmershamBiosciences) by FluorImager analysis

(Molecular Dynamics). Phosphorylated and non-phophorylated Crkl bands were then quantified using

ImageQuant softwaren and the % of phosphorylated Crkl (p-Crkl) determined as a % of the total Crkl.

% of phosphorylated Crkl (p-Crkl) as a % of the total Crkl was then calculated for each timepoint

I.4.3 Imatinib/nilotinib IUR assay

All assay points were performed in triplicate. 200,000 thawed, viable MNC were exposed to 14-C

labelled imatinib or nilotinib (50% mixture as listed in reagents), in the presence or absence of influx /

efflux inhibitors as required. Total test volume: 2 mls with RPMI +10% FBS. Cells and reagents were

incubated for 2 hours at 37ºC/5% CO2 . Tubes were then centrifuged at 6800rpm for 5 mins, then

pulse spun to 13000rpm, for 30 secs.
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A 20 µ l aliquot of supernatant (S/N) from each tube was then mixed with 100 µ l Microscint-20 in 96-

well flat bottomed plate. The plate was then covered with adhesive plastic cover-seal.

The remaining supernatant was then aspirated from the test tubes, so as not to disturb the cell pellet.

Fifty µ l of Microscint was then added to the cell pellet, to lyse cells . The tube was then vortexed well,

and pulse spun for 15 secs at 13000rpm. The lysed cells twere then transferred o a second 96 well

plate, and the plate covered with adhesive plastic seal. All plates were then counted on the Top Count

scintillation counter.

The ng/200,000 cells of 14-C labeled imatinib/nilotinib per cell was then calculated using formulae

below

I.4.4 Immunophenotyping for ABCB1 and ABCG2 expression

A known number of cells were transferred to 5mL round bottom polystyrene tubes (Falcon) and

suspended in a minimum volume (~200�L) of HBSS. Appropriate antibodies (see Table I3) were

added to tubes at a concentration of 10�L/106 cells, unless otherwise stated, and incubated for a

period of 45 minutes on ice in the dark. Cells were then washed twice prior to the addition of a

secondary antibody conjugate, or prior to fixation in FACS fix. Fixed samples were stored at 4°C in the

dark until analysis was performed. The fluorescence intensity of cell suspensions was examined using

an Epics®-XL-MCL flow cytometer and CytomicsTM RXP Analysis Version 1.0 Software (Beckman

Coulter). Control tubes stained with an isotype-matched control were included in all experiments, and

were used to define the cut-off point for positive/negative staining. Flow cytometric analysis was

performed using an Epics®-XL-MCL flow cytometer (Beckman Coulter). Cell populations were

analysed on the basis of their forward and side light scattering properties (indicative of cell size and

granularity respectively) and/or the fluorescence intensity of various fluorochromes.

cpm cells – background

{(cpm cells – background) + (cpm supernatant – background)}

X conc in ng of 14C-TKI
added

Conc in ng/200,000 cells:-
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Table I.3: Commonly used antibody volumes

Antibody Antibody
Vol.*

IgG1 FITC 5�l
IgG2b PE 5�l
ABCG2 PE 20�l
MDR-1 PE 20�l

* Antibody volumes apply to a x 105 cells for isotype control and 1 x 106 test cells

I.4.5 mRNA isolation

Target cells were lysed in Trizol reagent (1 ml per 5-10 x 106), and incubated at room temperature for 5

minutes. 0.2 ml of chloroform per 1 ml of Trizol (1/5 volume) was then added and tubes were then

vigorously shaken for 15 seconds. Tubes were then incubated at temperature for 2-3 minutes.

Following this the tubes were centriged at 12,000xg for 15 minutes at 4°C.

The aqueous phase (top layer) was then transferred to a a new Rnase/DNase free 1.5ml tube. RNA

was then precipitated by the addition of 1 µl glycogen (20 µg) and isopropanol (0.5 ml per 1 ml of

Trizol). The samples were then gently mixed, and incubated at room temperature for 10 minutes. RNA

was pelleted by spin centrifuging at 12,000xg for 10 minutes at 4°C. Following removal of the

supernatant, the RNA pellet was gently washed in 75% ethanol (1ml per tube) and tubes were

centrifuged at 7,500xg for 5 minutes at 4°C. Supernatant was then removed and tubes again

centrifuges briefly to remove any excess ethanol. The RNA pellet was briefly dried, then dissolved in

20µl DEPC water (depending on size of pellet , more or less DEPC water can be used) at 55°C for 10

minutes. Samples were immediately placed on ice and store at -70°C

RNA was quantitated using NanoDrop Spectrophotometer

I.4.6 cDNA synthesis

1µ g of template RNA was added to 1µ l of random hexamers (250ng/µ l) and total volume taken to

11µ l with DEPC water. The mixture was heated to 70°C for 10 minutes and chilled briefly at 4°C. The

premix was prepared as per Table I.4
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Reagent/concentration: Volume:
5x First strand buffer 4 µl

0.1 M DTT 2 µl

5 mM dNTPs 2 µl

Superscript II 1 µl

Note above is sufficient for one test sample only.

Table I.4 First Strand Synthesis Reagent Mix

The premix is then added to the above tube and contents gently mixed, and placed Mastercycler.

Incubation conditions are shown as follows

25°C for 10 minute

42°C for 50 minutes

70 for 10 minutes

Chill samples at 4°C

At the completion of this cycle, 20 µl DEPC water is then added to each tube, and the cDNA is stored

at - 20°C

I.4.7 PCR for OCT-1 mRNA Expression
Prepare cDNA as per I.4.6.

Primers are listed in Table I.5

Place reagents in tubes following the schema (Table I.6). Prepare standard by adding l µl of RankL

standard cDNA to RANKL tubes and 2 µl of unknown/ cell line control cDNA samples to allocated

tubes. Lids were then added to all tubes, and they were placed into the 72 well rotor. (Rotor Gene)

Profile settings on the rotor-gene are as follows ( Table I.7)

Primer name Sequence 5’ to 3’
Genes of interest
hOCT-1 CTG AGC TGT ACC CCA CAT TCG
hOCT-1 R CCA ACA CCG CAA ACA AAA TGA
Standard
hRANKL-D For TCA GCC TTT TGC TCA TCT CAC TAT
hRANKL-G rev CCA CCC CCG ATC ATG GT
House-keeping genes
BCR r CCT GCG ATG GCG TTC AC
BCR f CCT TCG ACG TCA ATA ACA AGG AT

Table I.5 Primers are diluted to a working stock of 100 ng/µl in DEPC water
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Reagent x 1 (µµµµl)
SYBR Green 5
Primer Forward 0.5
Primer Reverse 0.5
Water 2
Total: 8

Table I.6 Preparation of PCR Master mix.

Cycle Cycle point
Hold @ 50°C, 2 min 0 secs
Hold 2 @ 95°C, 15 min 0 secs
Cycling (48 repeats) Step 1 @ 95°C, hold 15 secs

Step 2 @ 60°C, hold 26 secs
Step 3 @ 72°C, hold 10 secs, acquiring to
Cycling A([Sybr][1][5])

Hold 3 @ 72°C, 0min 30 secs
Melt (72°C - 99°C, hold secs on the 1st

step, hold 5 secs on next steps, Melt A
([Green][1][1])

Table I.7 Profile Settings for Rotor Gene.

I.5 Computer Software Required.
Excel – Microsoft Office Suite - Essential

Image Quant (Molecular Dynamics) – Essential

Sigma STAT . SPSS Incorporated – Essential

I.6 Laboratory Equipment Required
Heat block – capable of maintaining 100ºC

Vertical Electrophoresis tank

Electrophoretic Transfer Tank

Power packs capable of running and transferring gels

Rocking Platform

Fluor Imager (Molecular Dynamics)

Biological Safety Cabinet with Vacuum Facility

Rotor-gene 3000 real time PCR thermal cycler (Corbett Research)

NanoDrop Spectrophotometer

Vortex mixer
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