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Abstract An internal tandem duplication of FLT3 (FLT3/
ITD) occurs in approximately 25% of newly diagnosed
AML. PKC412 inhibits the growth of leukemic cell lines
with FL'T3 mutations such as the MV4-11. This study eval-
uated the in vitro effects of the combination of PKC412 and
ara-C or daunorubicin, studying the effect of co-incubation,
pre-incubation and sequential incubation of the drugs in
patient samples and cell lines. Thirty-three patients with
AML were included. Two cell lines were studied; MV4-11
that expresses the FLT3/ITD and HL-60 that does not. In
the patient cells PKC412 exerted its effect at concentrations
between 0.1 and 2.0 pM. For MV4-11 cells concentrations
down to 1 nM were effective. In patient samples, the results
of co-incubation of PKC412 with ara-C were synergistic in
5%, additive in 67%, sub additive in 17% and antagonistic
in 11% of the cases. In patient cells, incubations with ara-C
and PKC412 resulted in synergistic effects in 17% of the
FLT3/ITD positive samples compared to 0% synergistic in
the FLT3/ITD negative samples (p <0.01). Antagonistic
effects were more common in the FLT3/ITD negative sam-
ples. The timing of the drugs had little impact on the effect.
In cell lines, antagonistic effects were seen frequently in
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HL-60 (90%) and less so in MV4-11 (60%) regardless of
sequence or timing of the drugs. The combination of dau-
norubicin and PKC412 resulted in more synergistic and less
antagonistic effects compared to combinations with ara-C,
in both patient material and cell lines. The combination of
Lonafarnib, a farnesyl-transferase inhibitor (FTI) and
PKC412 had additive and synergistic effects in both FLT3/
ITD positive and negative cell lines. In conclusion, the
combination of PKC412 together with chemotherapeutic
drugs is more effective in FLT3/ITD positive AML cells.
Antagonistic effects can be seen, especially in patient sam-
ples without FLT3/ITD. Also, the combination of PKC412
and the farnesylinhibitor lonafarnib should be further
explored.

Keywords Acute myeloid leukemia - FLT3 - PKC412 -
Cytarabine - Daunorubicin - Lonafarnib

Introduction

Fms-like tyrosine kinase 3 (FLT3) is a member of the class
III tyrosine kinase receptor family. FLT3 is predominantly
expressed on hematopoietic progenitor cells but is also
found in other tissues such as placenta, gonads and brain
[22, 30]. Interaction with its ligand (FL) results in receptor
dimerization, autophosphorylation and subsequent phos-
phorylation of cytoplasmic substrates that are involved in
signalling pathways regulating the proliferation of pluripo-
tent stem cells, early progenitor cells and immature lym-
phocytes [21].

A majority of acute myeloid leukemias (AML) and lym-
phoblastic leukemias (ALL) express FLT3 [4]. FLT3 is
mutated and activated in approx. 30% of all patients with
AML [9]. The mutations involve either an internal tandem
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duplication (FLT3/ITD) in approx. 25% of AML patients
or a point mutation in the activating loop in approx. 7% of
patients. Both types of mutations result in a ligand-indepen-
dent receptor dimerization, phosphorylation and constitu-
tive activation of downstream signalling pathways [16].
FLT3/ITD is not expressed in chronic myeloid leukemia,
chronic lymphocytic leukemia, non-Hodgkin’s lymphoma
or multiple myeloma [38]. The presence of FLT3/ITD in
adult AML patients seems to have little or no impact on the
ability to achieve complete remission. The most significant
impact of FLT3/ITD found in several studies is its associa-
tion with increased relapse risk, decreased disease-free sur-
vival (DFS) and overall survival (OS) [8, 13, 15]. However,
two large studies failed to show a decreased OS in AML
patients with FLT3/ITD [31, 33].

PKC412 (N-benzoyl-sturosporine) was developed origi-
nally as a protein kinase C and vascular growth factor
receptor inhibitor and has been used in phase I trials in solid
tumors [25, 27]. Subsequently, this compound was found to
specifically and potently inhibit the growth of leukemic cell
lines expressing FLT3/ITD or an activating loop mutation
of FLT3. Moreover, PKC412 prolonged survivial in trans-
genic mice with a FLT3/ITD-induced-myeloproliferative-
like syndrome [36]. PKC412 has also been used in a phase
II trial in advanced AML patients with the FLT3/ITD [32].
In the latter study, 14 of the 20 patients experienced at least
a transient 50% reduction in the number of peripheral
blasts. This response is comparable to that observed with
imatinib in blast crisis of chronic myeloid leukemia [5]. To
clarify the role of PKC412 in AML new treatment strate-
gies have to be developed, including combinations with
conventional cytostatic drugs used in AML. Furukawa et al.
recently published results of co-incubation of PKC412 with
eight different cytotoxic agents in human leukemia cell lines,
showing synergistic results with all agents in the cell lines with
an activating FLT3/ITD mutation. In the cell lines expressing
wild type FLT3, antagonistic results of co-incubation were
frequent [7].

Lonafarnib, SCH-66336, is a farnesyl-transferase inhibi-
tor (FTT) that has been shown to inhibit farnesylation and
activation of Ras. It has been suggested that Lonafarnib
also acts through inhibition of the farnesylation of RhoB,
centromere-binding proteins (CENP)-E and -F as well as
other not yet identified proteins [26]. Lonafarnib has shown
effect as a single drug in a Phase II study in patients with
MDS and CMML. Of 42 evaluable patients, 12 responded,
2 of whom had complete response and 10 had a hematolog-
ical improvement. In addition, 16 of 37 patients who had
bone marrow (BM) blasts of 45% at baseline showed a
reduction of >50% in BM blasts [6].

We undertook an in vitro study where the combination
of PKC412 and cytostatic drugs in samples from AML
patients was evaluated. The AML cell lines MV4-11 and
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HL-60 were examined in a similar way. The study was
designed to evaluate the role of different timing of the com-
bined drugs. Also, cell lines were also exposed to the com-
bination of FTI and PKC412.

Material and methods
Patient samples and cell lines

Peripheral blood or bone marrow was collected from 33
consecutive patients with AML. The characteristics of the
patients are shown in Table 1. Peripheral blood or bone
marrow were collected in heparinized tubes before the start
of the treatment. The leukemic blast cells were separated by
centrifugation (400g, 30 min) on Lymphoprep. The cells
were then washed in RPMI 1640. MV4-11 is a FLT3/ITD
positive cell line expressing only the mutated version of the
gene, making it a model cell line for FLT3/ITD-related
research. HL-60 is a cell line derived from a patient with
acute promyelocytic leukemia. It expresses wild type FLT3
[28]. The study was approved by the Medical Research
Ethics Committee and the institutional review board of the
Karolinska University Hospital.

Incubations and culturing

Cells from fresh samples (n = 24) and freshly frozen cells
(n=9) were used for analysis. The cells (2.0 x 10° cells/
ml) were incubated in a medium consisting of RPMI 1640
supplemented with Glutamax, 10% fetal bovine serum
(FBS) and the cystostatic drug. In the PKC412 sensitivity
study, we used drug concentrations between 0.001 and

Table 1 Patient characteristics

Variable FLT3/ITD FLT3/1TD
positive negative

N 10 23

Age, median (range) 62.4 (30-79) 68.2 (23-88)

Gender (M/F) 5/5 7716

Diagnosis (FAB)

MO/M1/M2 0/3/3 0/7/6

M3/M4/M5 172/1 0/5/2

M6/M7/MDS-AML 0/0/0 0/0/2

Cytogenetic risk group

Low 1 0

Intermediate 9 16

Poor 0 3

No data 0 4

Blast percentage in bone marrow 74.2 (25-94) 60.5 (28-90)

at diagnosis (p = NS) % (range)
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2.0 pM. In the synergism and timing study, we used the
following concentrations: PKC412 0.2 uM continuously,
ara-C 0.5 pM continuously and daunorubicin 0.15 pM for
1 h. The 1h incubation of daunorubicin was chosen to
mimic the in vivo situation [34]. In the first part of the
synergism study, a 4 days co-incubation of PKC412 and
ara-C or daunorubicin was performed. In the second part,
two different in vitro timing models were used. In the pre-
incubation model, the incubation time for the first drug
was 4 days and the second drug was added after 1 day. In
the sequential exposure model, the cells were incubated
for 2 days with the first drug, then centrifuged and resus-
pended and incubated with the second drug for another
2 days. The different incubation models are illustrated in
Fig. 1. Cell lines were incubated as described above at a
cell concentration of 0.5 x 10(5)/ml. The following drug
concentrations were used for HL-60: Ara-C at 0.05 or
0.1 pM and PKC 412 at 0.2 or 0.5 uM continuously and
in the sequential exposure analysis. For daunorubicin,
cells were exposed to 0.1 uM of the drug for 1 h. FTT at
0.25-0.5 uM was used continuously in co-incubation with
PKC at 0.2-0.5 uM for four days. For MV4-11, Ara-C at
0.01 uM and PKC412 at 0.005 uM were used in the co-
and pre-incubation studies and Ara-C at 0.05 pM and
PKC412 at 0.01 pM in the sequential incubations. Dauno-
rubicin at 0.03 uM was incubated for 1 h. Two different
concentrations were used for the FTI-PKC412 4 day
co-incubations: 1 nM PKC412 + 250 nM FTI and 5 nm
PKC412 + 0.5 pM FTI. The concentrations were chosen
on the basis of the IC50 curves.

Co-incubation

Drug B | |

Drug A

Pre-incubation

Drug B I |

Drug A

Sequential incubation

Dres
Drug 5 I
Days I | | | >

Fig. 1 Schematic illustration of the three different types of incubation
used in this study. The combination of PKC412 0.2 mM continuously
and ara-C 0.05 mM continuously or daunorubicin 0.15 mM for 1 h. In
cell lines the concentrations of the drugs were chosen according to IC-
50 curves (data not provided). The 1 h incubation of daunorubicin was
chosen to mimic the in vivo situation with 1 h infusion

ATP bioluminescence assay

Extraction of ATP in leukemic cells was performed by mix-
ing equal volumes (2 ml) of cell-suspension and 2.5% tri-
chloracetic acid (TCA). The extracts were assayed
immediately or stored in a freezer (—20°C) until analysis.
For the assessment of cell viability we used a bioluminis-
cence assay measuring ATP content [3, 12, 24, 29]. The mea-
surements were performed automatically in an Athos Lucy 1
luminometer (Hettich Labinstrument AB, Sweden). An ATP
Kit SL 144-041 (Bio Thema, Dalar6, Sweden) was used for
the reaction. The amount of ATP (given as nmol ATP/sam-
ple) and the percentage ATP in a sample when compared to
the drug-free control was calculated. The result at each con-
centration represents a mean of two parallel experiments.

Analysis of FLT3 mutations

Polymerase chain reaction (PCR) was performed to identify
patient samples with FLT3/ITD and point mutation D835 in
the second tyrosine kinase domain (ATKD) as previously
described [1]. FLT3/ITD status in the cell lines have been
explored previously [28] and were verified with PCR.

The additive model

In order to study the cytotoxic effects on cells incubated with
the drug-combination, the additive model was used [11, 35].
This model predicts that the effect of a combination will be
equal to the product of the effects of its constituents. For
example, if a drug combination was composed of drugs pro-
ducing a cell viability of 40 and 60%, respectively, the combi-
nation would be expected to result in 24% viable cells
(0.4 x 0.6). An observed combination effect that is larger than
predicted by the additive model indicates synergism, whereas
a smaller effect represents a subadditive effect. A ratio
between the observed viability and the viability predicted by
the additive model was calculated for all combinations. If the
ratio exceeded 1.2, the interaction was classified as subaddi-
tive and if it was below 0.8, the interaction was classified as
synergistic. Ratios between 0.8 and 1.2 were considered to
indicate additive interactions, and this interval was set to take
into account the intra-assay variability [17]. A cell viability
value for the combination exceeding the cell viability of the
most effective drug alone was classified as antagonism.

Statistics

The ¢ test for independent samples was used to evaluate the
differences in effect between FLT3/ITD positive and nega-
tive samples in each tested concentration of PKC412 and
when comparing the individual drugs and the combination
of ara-C/daunorubicin and PKC412 in FLT3/ITD positive
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and negative samples. We used the Chi-square algorithm to
find differences in the distribution of synergistic, additive,
subadditive, and antagonistic effects in the FLT3/ITD posi-
tive and negative group, respectively. The Pearson correla-
tion test was used to evaluate correlation of sensitivity of
individual patient samples to different drug combinations.

Results
FLT3/ITD analysis

The PCR analysis showed that 10 of the 33 patients (30%)
were FLT3/ITD positive. Four of these patients were
included in the initial experiments to find the optimal con-
centration PKC412 and 10 were included in the timing
study. No sample harboured a point mutation D835.

PKC412 sensitivity in AML blast cells and cell-lines

In ten patients, different concentrations of PKC412 were
tested in order to find concentrations appropriate for the
synergism experiments (Fig. 2). Nine different concentra-
tions between 0.001 and 2.0 uM were used. Four patients
were tested in the lower interval (0.001-1.0 pM) and six
in the higher interval (0.05-2.0 uM). The therapeutic
range of PKC412 was found to be within the interval
0.1-2.0 pM. When all combination experiments using
PKC412 and Ara-C were summarized, the FLT3/ITD
positive samples were significantly more sensitive to
PKC412 compared to the FLT3/ITD negative (p < 0.05)
(Fig. 3).

Combination of PKC412 and ara-C
100

O Ara-C
* B PKC412
Ara-C + PKC412
80
*
L 60
()
(8]
Q
Qo
8
> 40
B
20

FLT3/ITD neg FLT3/ITD pos
n=35 35 43 8 8 9

Fig. 3 This figure summarise the results of 138 different incubations
from 18 patient samples used in the PKC/ara-C synergy study, compar-
ing FLT3/ITD negative and positive AML samples (mean £+ SEM).
The concentrations ara-C 0.5 mM and PKC412 0.2 mM were used.
*p <0.05

IC50 curves for the cell lines HL-60 and MV4-11 shows
that the FLT3/ITD negative cell line HL60 the therapeutic
range is 0.2-0.5 uM and in the FLT3/ITD positive cell line
MV4-11 it is 5-10 nM. (Fig. 4)

Co-incubation with ara-C or daunorubicin and PKC412

In 24 samples, co-incubation with PKC412 and ara-C was
performed. Seventeen FLT3/ITD negative patient samples

Fig. 2 The in vitro effect of

PKC412 in samples from ten pa- 140
tients with FLT3/ITD negative
(dashed lines) or positive (solid
lines) AML. Four patients were
tested in the lower interval
(0.001-1.0 mM) and six in the 100
higher interval (0.05-2.0 mM).
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1C-50-curves for PKC412 in HL-60 and MV4-11

100 = T T T

50

Viability (%)

—e—HL-60
—=— MV4-11

0 0,00010,0005 0,001 0,005 0,01 0,05 0,1 0,5 1
Konc PKC412 uM

Fig. 4 IC-50 curves showing the difference in sensitivity for PKC412
between HL-60 and MV4-11 [mean values(=SEM)]

were investigated in the synergy study with co-incubation
of PKC412 and ara-C. In 11 samples an additive interaction
was seen, in four a sub additive and in two an antagonistic
effect. In the seven FLT3/ITD positive samples, five
showed an additive, one a synergistic effect and one a sub
additive effect. In this patient subgroup, no sample with an
antagonistic effect was found. The proportions of each type
of response are shown in Fig. 5. PKC412 and daunorubicin
were co-incubated in 26 patients, 18 FLT3/ITD negative and
8 FLT3/ITD positive. The combination with daunorubicin

Fig. 5 Combination results of
co-incubations with PKC412

and PKC412 tended to have more synergistic effects
(25 vs. 17%) and less antagonistic (0 vs. 17%) in the FLT3/
ITD positive samples compared to the FLT3/ITD negative
samples. When co-incubation with ara-C was compared
with co-incubation with daunorubicin in the FLT3/ITD
negative group, only co-incubation with daunorubicin
resulted in synergistic effects (Fig. 5). Figure 6 shows the
individual results for the combination incubations with
PKC412 with ara-C versus daunorubicin. As shown by the
figure, there was a significant correlation in the sensitivity
between the two incubations (p <0.05) There were no
differences in cytotoxic effects between fresh cells and cells
that had been cryoperserved. This was evaluated for all
tested drugs as well as for cells with or without FLT3-ITD
(data not shown).

Co-incubation with ara-C or daunorubicin and PKC412
in cell lines

In the wild type FLT3 HL-60 cell line, co-incubation of
Ara-C and PKC412 resulted in antagonistic effects in three
out of three independently performed experiments. In the
FLT3/ITD positive MV4-11 cell line, the effect was addi-
tive in two out of three and antagonistic in one out of three
experiments (Fig. 7). Co-incubation of daunorubicin and
PKC412 rendered additive effects in two and a synergistic
effect in one out of three tests with MV4-11. In HL-60, two

Co-incubation PKC412 and AraC or Daunorubicin

100%
(0.2 mM) and Ara-C (0.5 mM)

or daunorubicin (0.15 mM) for 4

90%

days on primary blast cells from
patients with AML

80%

70%

60%

50%

40%

30%

20%

10%

0%
FLT3/ITD neg (n=17)
Ara-C

FLT3/ITD pos (n=7)

FLT3/ITD neg (n=18)
Daunorubicin

FLT3/ITD pos (n=8)

O Synergy

O Sub-additive O Additive B Antagonistic ‘
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PKC+AraC vs PKC+Dauno sensitivity
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Fig. 6 Correlation of sensitivity between combinations of PKC+Ara-
C and PKC + daunorubicin in the 15 patients (4 FLT3-ITD, 11 FLT3-
WT) . Cells were co-incubated with both combinations for 4 days and
the figure shows cell viability compared to unexposed controls

tests were sub additive and one out of three was antagonis-
tic. The results of co-incubation in MV4-11 and HL60 cells
are shown in Fig. 7.

Pre-incubation with ara-C and daunorubicin in combination
with PKC412

When incubation was started with ara-C, a synergistic or
additive effect was seen in 13 of 21 samples, 8/15 of the
FLT3/1TD negative and 5/6 of the FLT3/ITD positive ones.
When the incubation was started with PKC412 a synergistic
or additive effect was seen in 13 of 21 samples, 7/15 of the
FLT3/1TD negative and 6/6 of the FLT3/ITD positive ones.
There results suggest that pre-incubation with PKC412 does
not adversely effect the antileukemic effect in patient samples
but it confirms that cells with FLT3/ITD are more sensitive
the exposure of PKC412. The combination effects in the
different groups and incubation modes are presented in Fig. 8.
Eight patient samples were studied in the sequential incuba-
tion model. No differences in cytotoxic effect was found if
samples were sequentially exposed to either PKC or Ara-C
for day 1-2 and then the other drug day 3—4 (data not shown).
In all, 82 different incubations with ara-C and PKC412
were performed. If the results are summarized, not taking into
consideration the type of incubation we found that in the
FLT3/ITD negative group 56% resulted in a synergistic or
additive effect and 44% in a sub additive or antagonistic effect
as compared to 91 and 9%, respectively in the FLT3/ITD
positive group (p <0.05). In the FLT3/ITD positive group,
17% of the incubations resulted in a synergistic effect as com-
pared to 0% in the FLT3/ITD negative group (p < 0.01).

Co incubation with PKC412 and Ara-C, Daunorubicin or FTl in cell lines

o

MV4-11

HL-60

*
|
0

L 4

—_

2

Ara-C 4d + PKC412 4d

Dauno d1 + PKC 412 4d

PKC412 + FTI

PKC412 + FTI

N

Dauno d1 + PKC412 4d

Ara-C 4d + PKC412 4d

x* %

Relative cytotoxicity compared to calculated cytotoxicity

w

Fig. 7 Results of individual experiments on cell lines co-incubated
with PKC412 (1-5 nM in MV4-11 and 0.2-0.5 mM in HL-60) and ei-
ther Ara-C (0.01 mM in MV4-11 and 0.05-0.1 mM in HL-60), dauno-
rubicin (0.03 mM in MV4-11 and 0.1 mM in HL-60) or FTI (0.25-0.5
mM in MV4-11 and HL-60). The ratio between the calculated effect
(from the single drug incubations) and the found effect of co-incuba-
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tion is plotted on the y-axis. According to the additive model values be-
tween 0.8 and 1.2 are additive (within the box in the figure). Values
below 0.8 are synergistic (up in the figure) and values above 1.2 are
sub-additive (down in the figure). Antagonism is defined as a result
where the combination of the two drugs is less effective than with ei-
ther drug alone. x shows antagonistic results
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Pre-incubation AraC or PKC412
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Fig. 8 Combination effect of PKC412 0.2 mM and Ara-C 0.5 mM using different time schedules where cells where pre-incubated in one drug for
24 h before adding the next drug. The experiments were performed in patient AML blast cells

Co-incubation with FTI in combination with PKC 412
in cell lines

In contrast to the two-log difference in sensitivity to PKC
412 there was no difference in sensitivity to FTI between
MV4-11 and HL60 cells. The drugs had only additive and
synergistic effects, no sub-additive or antagonistic effects
were seen. This contrasts to the results of the other incuba-
tions with PKC412 and conventional cytostatic drugs
where antagonism was seen in both MV4-11 and HL60
(Fig. 7).

Discussion

Although the outcome of patients with acute myeloid leu-
kemia has improved as a result of intensive cytarabine- and
anthracycline-based chemotherapy in combination with
advanced supportive care and introduction of allogeneic
stem-cell transplantation, relapse continues to represent the
leading cause of death in the majority of the patients [2,
20]. The prognosis in the older AML population is worse
due to substantially greater treatment-related toxicity, lower
CR rate and fewer durable remissions. The challenge has
been to find other strategies focusing on new drugs with
new mechanisms of action compared to conventional che-
motherapy. An important step forward in hematology has
been the development of the tyrosin kinase inhibitor imati-
nib in chronic myeloid leukaemia, which has further
increased the efforts to find new therapies that target funda-
mental molecular abnormalities in AML [5].

FLT3 mutations are among the most common molecular
abnormalities in AML making them attractive molecular

targets for antileukemic treatment. PKC412, SU11248 and
CEP-701 are examples of tyrosine kinase inhibitors that
inhibit the growth of leukemic cells carrying the FLT3/ITD
[18, 36, 37]. The experience so far suggests that these drugs
need to be combined with other anti-leukemic treatments,
e.g. conventional chemotherapy, in order to obtain clini-
cally relevant anti-leukemic effects. Theoretically, the new
FLT3-inhibitors and conventional cytostatic drugs target
different mechanisms of action, potentially leading to syn-
ergistic effects when they are combined. From a clinical
point of view, the toxicity profiles of the new drugs are also
important, so that relevant combinations can be tested in
clinical trials. The timing of the drugs in combination ther-
apy may also be of importance. With different mechanisms
of action one can hypothesise that pre-treatment with one
drug activates or inhibits different intracellular signalling
pathways, making the malignant clone more sensitive to the
next drug.

In the first part of this study, the PKC412 sensitivity in
AML blast cells was explored in order to find appropriate
concentrations for the synergism study (Fig.2). When
accumulating all experiments performed on primary AML
blastcells, FLT3/ITD-positive cells were significantly more
sensitive to PKC412 compared to FLT3/ITD negative sam-
ples (Fig.3). In cell lines, the difference in sensitivity
between the FLT3/ITD positive and negative cell lines was
in the two-log range. This is in accordance with finding by
other groups such as Hunter et al. [10] who previously have
shown that different FLT3 inhibitors, including PKC412,
were more potent in killing AML cells in vitro harbouring
the FLT3/ITD as compared to cells with wild-type receptor.

In our subsequent co-incubation study where primary
AML blasts were continuously exposed to PKC and Ara-C
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for 4 days, synergistic and additive effects were more com-
mon in the FLT3/ITD positive samples (91%) compared to
the FLT3/ITD negative group (56%). No antagonistic
effects were seen in the FLT3/ITD positive samples
whereas 2 out of 17 of the FLT3/ITD negative samples
showed antagonistic effects. Interestingly, the combination
effects were less encouraging in cell lines, where the FLT3/
ITD negative HL-60 cells showed a high degree of antago-
nism from the combination of PKC412 and Ara-C. This,
together with our results from the primary AML cells sug-
gests that combinations with PKC412 and Ara-C should be
avoided in FLT3/ITD negative patients.

Surprisingly, many experiments showed antagonistic
effects also in the FLT3/ITD positive MV4-11 cells. Yee
etal found synergistic effects of the FLT3 inhibitor
SU11248 and cytarabine in primary AML myeloblasts
from three patients expressing FLT3/ITD but not in two
patients expressing WT FLT3 protein. In this study we
found similar results with another FLT3 inhibitor, PKC412,
in a larger patient group. In a co-incubation study by Knap-
per etal. [14] synergistic and antagonistic effects were
found combining PKC412 and Ara-C in both FLT3/ITD
positive and FLT3/ITD negative samples. No statistically
significant difference was seen between the groups though.
This seems, in part, to contradict our results. However, the
method of defining synergy by Knapper et al differs from
ours, which may account for the difference. Also, the incu-
bation time differs compared to our study. Furukawa et al
found that PKC412 showed synergistic effects in combina-
tion with seven chemotherapeutic agents studied in FLT3-
mutated cell lines. In cell lines without FLT3 mutation,
PKC412 showed antagonistic effects when combined with
most drugs, except for cyclophosphamide and vincristine
[7]. These results are compatible with ours.

A major question for our study was the impact of the
timing of the exposure of PKC412 and the combination
drug on the cytotoxic effect in the primary AML cells.
Indolocarbazoles such as PKC412 and CEP-701, are known
to induce GI1 cell cycle arrest, an action that potentially
could counteract the activities of cell cycle specific chemo-
therapeutic agents when used in combinations. Importantly,
previous studies has shown synergistic or antagonistic
effects when cells are exposed to indolocarbazoles either
after or before a chemotherapeutical agent, respectively
[18]. We first used a time schedule where the cells were
pre-incubated for 24 h in either PKC412 or the combination
drug before exposure of the other drug. The results con-
firmed that the FLT3/ITD positive cells are more sensitive
to PKC412 combinations. However pre-incubation of any
of the drugs did not effect the antileukemic effect in either
an adverse or advantageous way. Secondly, we performed a
sequential scheme by exposing the cells to only PKC412
for 48 h and then only Ara-C for another 48 h. Also by
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using this timing schedule, no differences could be seen if
the cells were either first exposed to PKC412 an then Ara-C
or vice versa. From these experiments we conclude that the
timing of the drugs in vitro, as performed in this work, does
not affect the antileukemic effects of combination between
PKC412 and Ara-C or daunorubicin on primary AML sam-
ples. However, our model does not take account the possi-
ble effect of the active metabolite of PKC412, CGP52421.
As recently shown by Levis et al., this metabolite is more
cytotoxic and acts with another, less specific, kinase activ-
ity in AML blast cells compared to its parent compound
[19]. This, as well as the extensive protein binding of
PKC412, will potentially alter the effect in vivo. This has to
be taken into consideration while extrapolating our results
to the clinical situation. The role of the active metabolite
CGP52421 and its for the clinical effect of PKC412 should
be further studied.

The farnesyl transferase inhibitor lonafarnib inhibits the
activity of RAS. RAS is a downstream target of FLT3 acti-
vation [23] and based on this rational, we tested the combi-
nation effects of lonafarnib and PKC412. This combination
has the potential to be effective both in FLT3-ITD and
FLT3-WT cells. Two out of three experiments showed
clear synergism suggesting that this combination of two
orally available drugs is highly interesting for further studies.

These in vitro results are more heterogeneous compared
to other studies where other FLT3 inhibitors have been
used [18, 37]. This heterogeneity is probably a reflection of
the genetic complexity of primary AML samples compared
to well-defined cell lines rather than due to differences
between the different drugs. One reason could be that the
effects of FLT3 inhibitors are more complex in patient
AML samples and that they interfere with various intracel-
lular signalling pathways and the cell cycle status, resulting
in modulation of the effects of the cytostatic drug. Promis-
ing results were found with the combination of PKC412
and the farnesyl transferase inhibitor Lonafarnib. These
effects should be further explored.

In conclusion, to our knowledge, this is the first in vitro
study on human AML blasts trying to explore the combina-
tion and timing of PKC412 and conventional cytostatic
drugs. The study show that the combination of PKC412 and
ara-C or daunorubicin can result in synergistic, additive,
sub additive as well as antagonistic effects. The results con-
firm that FLT3/ITD positive cells are more sensitive and
suggests that combinations with PKC412 and chemothera-
peutic drugs should be used with caution in the FLT3/ITD
negative patients. Despite previous results in cell lines by
other groups, we could not confirm that the timing of the
exposure of the drugs is important for the anti-leukemic
effect in primary AML-cells.

The development of FLT3 inhibitors is an important step
in finding new ways to improve the treatment results in
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AML. Hopefully, ongoing and future clinical trials will
clarify how the FL'T3 inhibitors should be used in combina-
tion with conventional chemotherapy and/or other new
non-chemotherapeutic drugs.
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