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Abstract Although there is effective chemotherapy for
many patients with leukemia, 20% of children and up to
65% of adults relapse. Novel therapies are needed to
treat these patients. Leukemia cells are very sensitive to
the proteasome inhibitor bortezomib (VELCADE�, PS-
341), which enhances the in vitro cytotoxic effects of
dexamethasone and doxorubicin in multiple myeloma.
To determine if bortezomib enhances the cytotoxicity of
agents used in leukemia, we employed an in vitro tet-
razolium-based colorimetric assay (MTT) to evaluate
the cytotoxic effects of bortezomib alone and in com-
bination with dexamethasone, vincristine, doxorubicin,
cytarabine, asparaginase, geldanamycin, trichostatin A,
and the bcl-2 inhibitor HA14.1. We demonstrated that
primary leukemia lymphoblasts and leukemia cell lines
are sensitive to bortezomib, with an average IC50 of
12 nM. Qualitative and quantitative bortezomib-drug
interactions were evaluated using the universal response
surface approach (URSA). Bortezomib was synergistic
with dexamethasone in dexamethasone-sensitive leuke-
mia cells, and additive with vincristine, asparaginase,
cytarabine, and doxorubicin. The anti-leukemic activity
of bortezomib was also additive with geldanamycin and
HA14.1, and additive or synergistic with trichostatin A.
These results were compared to analysis using the
median-dose effect method, which generated complex
drug interactions due to differences in dose-response
curve sigmoidicities. These data suggest bortezomib
could potentiate the cytotoxic effects of combination
chemotherapy in patients with leukemia.

Keywords PS-341 Æ VELCADE� Æ ALL Æ AML Æ
Synergy

Introduction

Although there have been substantial advances in
pediatric leukemia therapy during the past 30 years,
approximately 20% of children and up to 65% of
adults relapse following initial therapy [1]. Survival for
many patients with recurrent leukemia is guarded de-
spite aggressive chemotherapy and stem cell transplant.
Relapsed leukemia is often resistant to conventional
chemotherapeutic agents and novel therapeutic ap-
proaches are needed to improve outcome for these
patients.

Bortezomib is an inhibitor of the 26S proteasome, a
multi-subunit protease that controls the degradation of
short-lived regulatory proteins involved in essential cell
processes such as cell cycle regulation, cell differentia-
tion, transcriptional regulation, and apoptosis [2, 3].
Proteasome substrates are targeted for degradation by
conjugation with ubiquitin, a highly regulated process
controlled by the ubiquitin-conjugating complex [4].
Proteasome inhibition results in apoptosis in many
malignant cell types. Although not fully elucidated, the
cytotoxic effects of bortezomib may be related to the
inhibition of NF-jB [5, 6].

Although bortezomib can induce apoptosis in vitro
[7, 8] and in vivo [9–11] in a variety of malignant cell
types, non-malignant cells appear resistant to the cyto-
toxic effects of bortezomib [12–14]. Bortezomib may also
potentiate the cytotoxic effects of chemotherapy in a
variety of tumor types. Bortezomib enhances the cyto-
toxicity of dexamethasone, melphalan, and doxorubicin
in multiple myeloma [15] and other hematologic malig-
nancies in vitro [16–18]. Bortezomib also enhances the
cytotoxic effects of histone-deacetylase (HDAC) inhibi-
tors such as phenyl butyrate and trichostatin A [18–20],
as well as bcl-2 inhibitors such as HA14.1 [21]. NF-jB
activates the expression of several anti-apoptotic pro-
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teins, including members of the bcl-2 family (bcl-XL)
and inhibitors of apoptosis (XIAP) [22]; and NF-jB
activation can attenuate the pro-apoptotic response to
chemotherapy and ionizing radiation [23]. Furthermore,
inhibition of NF-jB can sensitize chemoresistant mul-
tiple myeloma and Hodgkin’s disease cells to apoptosis
[6, 23, 24]. The in vitro effects of bortezomib-drug
combinations in leukemia, however, have not been well
characterized.

Bortezomib has shown clinical efficacy in the treat-
ment of multiple myeloma and non-Hodgkin’s lym-
phoma (NHL), as evidenced by a 35% overall response
rate in a Phase 3 study of heavily pretreated multiple
myeloma patients (SUMMIT trial) [25, 26] and a 55%
overall response rate in a phase 2 trial of bortezomib in
indolent NHL [27, 28]. Bortezomib may also clinically
enhance the cytotoxicity of other chemotherapy agents,
such as dexamethasone and doxorubicin [25]. However,
the efficacy of bortezomib in combination with cytotoxic
chemotherapy agents in leukemia is unknown.

Bortezomib has been shown to induce apoptosis in
leukemia cell lines [29, 30] and in nude mice with leu-
kemic xenografts [31]. Prior reports have shown that
pre-B and T-cell acute lymphoblastic leukemia (ALL)
cell lines are very sensitive to bortezomib, with an
average IC50 of 10 nM [29]. In this study we investigated
the effects of bortezomib in combination with a variety
of agents in leukemic cell lines including: dexametha-
sone, cytarabine, doxorubicin, vincristine, asparaginase,
the heat shock protein (HSP) inhibitor geldanamycin,
the histone-deacetylase (HDAC) inhibitor trichostatin
A, and the bcl-2 inhibitor HA14.1.

Materials and methods

Chemicals

RPMI-1640 cell culture medium, phosphate-buffered
saline (PBS), dextrose, sodium pyruvate, sodium chlo-
ride, sodium bicarbonate, HEPES, and gentamicin were
purchased from Gibco (Grand Island, NY, USA); fetal
calf serum and high-glucose RPMI-1640 cell culture
medium were purchased from American Type Culture
Collection (ATCC, Rockville, MD, USA); penicillin/
streptomycin was purchased from InVitrogen (Carlsbad,
CA, USA); Hanks-buffered saline solution (HBSS) was
purchased from HyClone (Logan, UT, USA), and
Lymphoprep for mononuclear cell isolation was pur-
chased from Greiner Bio-One (Monroe, NC, USA).
Asparaginase (Asp), dexamethasone (Dexa), cytarabine
(AraC), doxorubicin (Doxo), geldanamycin (Gld), tri-
chostatin A (TsA), vincristine (VCR), methyl-tetrazo-
lium (MTT) and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich (St Louis, MO, USA).
HA14.1 was purchased from EMD BioSciences (San
Diego, CA, USA).

Bortezomib was provided by Millennium Pharma-
ceuticals (Cambridge, MA, USA). Stock solutions of

bortezomib (0.5 mg/ml) were prepared in ethanol/
ascorbic acid. Stock solution of dexamethasone, gel-
danamycin, trichostatin A, and HA14.were prepared in
DMSO. Drug dilutions were freshly prepared from
concentrated stock solutions. Drugs were serially diluted
over a 106-fold range of concentrations to determine
single agent IC50s.

Cell lines

The human T-cell ALL cell lines Jurkat, Molt 4, Molt 3,
CEM, and HSB2; the human pre-B ALL cell lines JM1,
RS4, and Reh; the human B-cell lymphoblastoid cell line
SB; the CML line K562; and the AML cell lines KG1
(erythroleukemia), GDM1 (myelomonocytic leukemia)
and THP1 (monocytic leukemia) were purchased from
ATCC (Rockville, MD, USA). The multiple myeloma
cell line MM1.S was kindly provided by Dr Steven T.
Rosen (Northwestern University, Chicago, IL, USA).
Reh, SB, JM1, HSB-2 and MM1.S cell lines were cul-
tured in RPMI-1640 supplemented with 2 mM gluta-
mine and 10% fetal calf serum. Molt-4, Molt-3, CEM,
RS4, and GDM-1 cells were grown in RPMI-1640
supplemented with 1.5 g/l sodium bicarbonate, 4.5 g/l
glucose, 10 mM HEPES, 1.0 mM sodium pyruvate, and
10% fetal calf serum (high-glucose RPMI). THP-1 cells
were grown in high-glucose RPMI supplemented with
0.05 mM 2-mercaptoethanol. K562 and KG-1 cells were
grown in Iscove’s modified Dulbecco’s medium
(IMDM) supplemented with 4 mM L-glutamine, 1.5 g/l
sodium bicarbonate, and either 10% (K562) or 20%
(KG-1) fetal calf serum. For the MTT cytotoxicity assay
(see below) cell lines were maintained at a density of 0.5–
1·105 cells/ml and incubated at 37�C in a humidified
atmosphere containing 5% CO2.

Culture of primary leukemic cells

Primary leukemia cells from pediatric patients were
obtained from peripheral blood, leukapheresis, or bone
marrow specimens under an IRB-approved protocol. All
samples were obtained from pediatric patients newly
diagnosed with leukemia prior to the administration of
chemotherapy. Data from four representative patients
are shown. The first patient was a 10-year-old male
diagnosed with pre-B ALL. Patient 2 was a 17-year-old
male diagnosed with AML, M1 subtype. Patient 3 was a
2-year-old male with pre-B ALL. Patient 4 was a 5-
month-old male with infant ALL. Lymphoblasts were
isolated using Lymphoprep and cultured in RPMI-1640
supplemented with 20% fetal calf serum, penicillin/
streptomycin and gentamicin. During the MTT assay,
cell viability was confirmed by Trypan blue exclusion at
48 and 72 h and noted to be >90% in the absence of
drug. Cells were maintained at a density of 1·106 cells/
ml and incubated at 37�C in a humidified atmosphere
containing 5% CO2.
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Cytotoxicity assay

The growth inhibition effect of bortezomib was assessed
using the [3-(4,5-dimethyl-thiazol-2yl)-2,5-diphenyl-tet-
razolium bromide] (MTT) colorimetric dye reduction
method [32, 33]. One hundred thirty-five ll of expo-
nentially growing lymphoblasts were plated at a density
of 0.5·104 to 1·104 cells/well in 80 wells of a 96-well
microtiter plate. After 16 h, drug at specified concen-
trations was added to each well. After 72 h of continu-
ous drug exposure (unless otherwise indicated), 15 ll of
MTT (final concentration 0.5 mg/ml) was added to each
well and the plates were incubated for 4 h at 37�C.
Medium was replaced with 150 ll of DMSO to solubilize
the formazan, and the optical density (OD) was mea-
sured at 550 nm using a microplate spectrophotometer
(Anthos Analytical, Durham, NC, USA). Cell survival
was calculated by subtracting the background OD of
media alone, then dividing the OD of test wells by the
OD of the control (untreated) wells. For single drug
assays, replicates of six wells were used for each drug
concentration and two replicate plates were performed
for each experiment. Primary cell drug concentrations
were done in triplicate.

In combination experiments, the two drugs were
added simultaneously unless otherwise indicated. In
each 96-well plate, cells were exposed to medium alone
(controls), single drug alone, or different concentrations
of the combination of two drugs, for a total of 36
concentration pairs per plate. Combination effects were
analyzed using non-constant drug combination ratios
at single drug IC10, IC25, IC75, IC90 and IC100 drug
concentrations. All combination drug concentrations
were tested in four replicate plates. Each bortezomib-
drug combination was tested in at least two separate
experiments and in at least two different leukemia cell
lines. In sequential combination experiments, cells were
pretreated with the one drug (drug A) for 24 h before
administration of the second drug (drug B) (total drug
A treatment time, 72 h; total drug B treatment time,
48 h).

Analysis of drug effects

Synergy was assessed using the Universal Response
Surface Analysis (URSA) approach of Greco et al. [34],
which involves a parametric model relating the concen-
trations of the two drugs to measured cell survival.
Initial estimates of the concentration of each drug re-
quired to produce 50% inhibition of control cell growth
(IC50) and the slope parameter (m) signifying the sigm-
oidicity of the dose–effect curve were obtained by fitting
Eq. 1 to the data from single-drug growth inhibition
assays:

E ¼ ðEconÞ ðD=IC50Þm

1þ ðD=IC50Þm
ð1Þ

where D is the drug concentration, Econ is the cell
survival in the absence of drug, and E is the measured
effect (cell survival). Estimates of the parameters IC50

and m were obtained using the ADAPT II software [35]
(maximum likelihood estimation option, 10% CV error
model). Subsequently, the two-drug interaction model in
Eq. 2 was implemented in the ADAPT II software and
fitted to the data from the combination experiments
(maximum likelihood estimation, 10% CV error model):

1¼ Da

IC50a
E

Econ-E

� �1=ma
+

Db

IC50b
E

Econ-E

� �1=mb

+
a�Da�Db

IC50a�IC50b
E

Econ-E

� �1=2ma� E
Econ-E

� �1=2mb

ð2Þ

where Da is the concentration of drug A, Db is the con-
centration of drugB, Econ is the effect (cell survival) in the
absence of drug, and E is the measured effect (cell sur-
vival). In Eq. 2, IC50a and IC50b are the median effective
drug concentrations of each drug, ma and mb represent
the slope parameters of each drug, and a represents the
drug interaction parameter (these five parameters were
estimated from the cell survival data for each combination
experiment). When a is positive, Loewe synergy is indi-
cated; when a is negative, Loewe antagonism is indicated.
The interaction is considered additive if the 95% confi-
dence interval (CI) around a encompassed zero.

Median dose effect analysis

In vitro combination effects were also analyzed using the
median-dose effect analysis method [36] using a com-
mercially available software program (Calcusyn version
1.2, Biosoft, Ferguson, MO, USA). Each drug interac-
tion is defined using the median effect equation:

fa=fu ¼ ðD=DmÞm ð3Þ

where fa is the fraction of cells affected by drug, fu the
fraction of cells unaffected by drug, D is the drug con-
centration, Dm is the IC50, and m is the slope parameter
signifying the sigmoidicity of the dose–effect curve. The
median effect analysis method defines a combination
index (CI) for each two-drug interaction using a frac-
tional product equation;

CI=
Dcombð Þ1
Daloneð Þ1 +

Dcombð Þ2
Daloneð Þ2 +a

Dcombð Þ1 Dcombð Þ2
Daloneð Þ1 Daloneð Þ2

ð4Þ

where Dalone is the dose of each drug alone required for
a given effect (fa), Dcomb is the dose of each drug in the
combination required for a given effect (fa), and a = 0
if the effects of the two drugs are mutually exclusive
(i.e. Dalone1, Dalone2, and the mixture of the two drugs
yield parallel lines in the median effect plot [log (fa/fu)
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vs log (D)]) and a=1 if the effects of the two drugs are
mutually non-exclusive (i.e. Dalone1 and Dalone2 yield
parallel lines in the median-effect plot but the slope of
the two-drug combination is not parallel to the single-
drug lines). CI values above 1.1 are considered antag-
onistic, values between 0.9 and 1.1 are considered
additive, and CI values less than 0.9 are considered
synergistic. When exclusivity of effects could not be
established (i.e. Dalone1 and Dalone2 had non-parallel
slopes in the median effect plot) the data were analyzed
using the more stringent mutually non-exclusive
assumptions. Each drug combination was tested with
drug A plus drug B at five constant-ratio combinations
(1:1, 1:2, 2:1, 1:4 and 4:1) at the predicted IC50s. Four
to six serial dilutions were made at each constant-ratio
combination and the combination index analyzed for at
least two different fixed ratios as noted. The bortezo-
mib + dexamethasone combination was tested at ra-
tios of 1:1 (equipotent) and 1:2 (mutually non-exclusive
equation); bortezomib + doxorubicin at potency ratios
of 1:1, 1:2, and 1:4 (mutually exclusive equation);
bortezomib + cytarabine at ratios of 1:1, 2:1, and 1:4,
(RS4 cell line), 1:1, 1:2, and 2:1 (Reh cell line), or 1:1,
1:2, and 1:4 (Jurkat cell line) (mutually non-exclusive
equation). Correlation coefficients for the median effect
plots were >0.9.

Results

Bortezomib growth inhibition in cell lines and primary
cells

Five T-cell ALL (Fig. 1a) and four pre-B or B-cell ALL
cell lines (Fig. 1b) were very sensitive to bortezomib,
with an average IC50 of 7.5 nM (range 2–26 nM). AML
cell lines were also sensitive to bortezomib with an
average IC50 of 19 nM (range 12–23 nM) (Fig. 1c), as
were K562 erythroleukemia and MM1.S multiple mye-
loma cell lines with an with an IC50 of 20 nM and 9 nM,
respectively (Fig. 1c). IC50 values were not significantly
different following exposure to bortezomib for 48 h or
72 h (data not shown).

Primary leukemia cells were also sensitive to the
cytotoxic effects of bortezomib, with an average IC50 of
23 nM (range 10–30 nM) (Fig. 1d). As with the leukemia
cell lines, there was no difference in bortezomib sensi-
tivity with 48 h versus 72 h incubation times (data not
shown). Primary ALL and AML cells were sensitive to
bortezomib with IC50 values of 10 nM and 30 nM,
respectively. Primary infant ALL cells are also sensitive
to bortezomib, with an IC50 of 26 nM.

IC50 comparisons of bortezomib and other chemother-
apy agents

Figure 2 shows the IC50 for bortezomib and five
chemotherapy agents commonly used in childhood

leukemia treatment, including cytarabine, dexametha-
sone, doxorubicin, asparaginase, and vincristine; as well
as four other agents, including the pyrimidine antagonist
gemcitabine, the heat shock protein (HSP) inhibitor
geldanamycin, the histone deacetylase (HDAC) inhibi-
tor trichostatin A, and the bcl-2 inhibitor HA14.1.

ALL cell lines exhibited variable sensitivity to dexa-
methasone. Although several cell lines were very resis-
tant to dexamethasone (IC50 > 10 lM), other cell lines
were either intermediately sensitive (HSB2; IC50 =
145 nM) or very sensitive (RS4; IC50 = 1.5 nM) to
dexamethasone. Similarly, there was marked variability
between cell lines in the IC50s for asparaginase (0.4–
350 milliunits) and trichostatin A (8 nM–580 nM).
Geldanamycin and gemcitabine were relatively potent in
ALL cell lines, with average IC50s of 10 nM and 5 nM,
respectively. The bcl-2 inhibitor HA14.1, in contrast,
was less potent, with an average IC50 of 17 lM. Bort-
ezomib, with an average IC50 of 12 nM (range 2–30 nM),
compares favorably in potency to these agents.

Combination effects of bortezomib and other
chemotherapy agents

Table 1 and Fig. 3 summarize the results of the com-
bination drug experiments analyzed by the URSA
method. Most interactions between bortezomib and
other chemotherapy agents were additive; two interac-
tions, however, were synergistic. Bortezomib was syn-
ergistic with dexamethasone in the dexamethasone-
sensitive pre-B ALL cell line (RS4), with an alpha of
3.2±1.3 (95% confidence interval 1.9–4.5). Synergism
was limited to dexamethasone-sensitive cells; bortezo-
mib was additive with dexamethasone in dexametha-
sone-resistant cell lines (Jurkat, Molt 4) and cell lines
with intermediate dexamethasone sensitivity (HSB2).
Sequential addition of bortezomib (before or after
dexamethasone) did not affect the additive bortezomib-
dexamethasone drug interactions (data not shown).
However, sequential addition of bortezomib before or
after dexamethasone in the dexamethasone-sensitive
RS4 cell line changed the synergistic bortezomib-
dexamethasone interaction into an additive interaction
(data not shown). Thus, bortezomib enhanced dexa-
methasone-sensitivity in leukemic cells (if given simul-
taneously), but did not make dexamethasone-resistant
cells sensitive to dexamethasone.

Bortezomib was also synergistic with the HDAC
inhibitor TsA in the AML cell line THP1, with an alpha
of 5.0+3.2 (95% confidence interval 1.8–8.2). Bortezo-
mib synergism with this HDAC inhibitor was not uni-
versal since the bortezomib-TsA combination was
additive in the pre-B ALL cell line JM1 and in two other
AML cell lines (KG1 and GDM1, data not shown).
There were no antagonistic interactions between bort-
ezomib and the chemotherapy agents tested.

We also analyzed bortezomib combinations using
the median effect method of Chou and Talalay [36].
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Using this modeling method, many of the two-drug
interactions involving bortezomib were mixed, with
different interactions (additive, synergistic, or antago-
nistic) noted at different drug concentrations (Fig. 4).
For example, the combination index (CI) for the
bortezomib-doxorubicin combination (Fig. 4a) was less
than 1.0, denoting synergistic interactions for most, but
not all, concentrations. Bortezomib/cytarabine combi-
nations (Fig. 4b) also appeared synergistic at high
concentrations, but were additive or antagonistic at
lower drug concentrations. Bortezomib-dexamethasone
interactions in RS4 cells (Fig. 4c), which were syner-
gistic using the URSA method of analysis, were syn-
ergistic only at high concentrations using median effect

analysis and were additive or antagonistic at lower
concentrations.

Discussion

We have demonstrated that both primary leukemia
cells and leukemia cell lines are very sensitive to the
proteasome inhibitor bortezomib in vitro, with an
average IC50 of 12 nM. Primary leukemic cells isolated
from patients with ALL, AML and infant ALL were
also very sensitive to bortezomib. Leukemia cells, how-
ever, rapidly develop resistance to cytotoxic chemo-
therapies when used as single agents in vivo and most
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Fig. 1 Bortezomib in vitro growth inhibition assays. MTT cytotox-
icity assays were performed with bortezomib at the concentrations
noted. Cell survival is plotted as a function of bortezomib drug
concentration. Leukemic cells tested include (a) the T-cell ALL cell
lines Jurkat,Molt-4, HSB-2, CEMandMolt3; (b) the pre-BALL cell
lines JM-1, Reh, andRS4, and the B-cell lymphoblastoid cell line SB;

(c) the AML cell lines KG-1, GDM1, and THP1; the multiple
myeloma cell line MM1.S; and the CML cell line K562; and (d)
representative primary leukemic lymphoblasts obtained from pedi-
atric patients with AML and ALL (see Methods for clinical
information)
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treatment regimens combine several chemotherapy
agents to prevent the development of drug resistance.
Thus, if bortezomib is to play a major role in leukemia
treatment it is likely to be in the context of combination
regimens.

Bortezomib has been a clinically effective drug in
multiple myeloma and non-Hodgkin’s lymphoma [26, 27,
37]. It is also undergoing clinical trials in a variety of solid
tumors [38, 39]. Bortezomib can enhance the effectiveness
of both standard chemotherapeutic agents and biologic
molecules in a variety ofmalignant cell types. Although no
drug-interaction modeling was performed, bortezomib
appeared to increase the cytotoxic effects of doxorubicin,

melphalan, dexamethasone, bcl-2 inhibitors, and HDAC
inhibitors in multiple myeloma in vitro [15, 19, 21].
Bortezomib also increased Philadelphia-positive chronic
myelogenous leukemia (CML) cell sensitivity to HDAC
inhibitors [40, 41] and flavopiridol [18]; increased lym-
phoma cell sensitivity to dexamethasone [42] and gem-
cytabine [43]; and increased myelomonocytic leukemic
(AML) cell sensitivity to flavopiridol [17]. There have been
several reports of bortezomib potentiation of dexameth-
asone in multiple myeloma both in vitro [13, 44] and in
vivo [37]. Synergistic interactions have also been reported
between dexamethasone and bortezomib in primary
effusion lymphomas [42]. In contrast to previous obser-

Fig. 2 Distribution of the IC50

values of several chemotherapy
agents as a function of drug and
leukemic cell line. Cell lines
tested include the T cell ALL
cell lines Jurkat, Molt-4, CEM,
Molt-3, and HSB-2; the pre-B
ALL cell lines Reh, RS4 and
JM1, the B-lymphoblastoid cell
line SB2, and the AML cell line
THP-1. Each data point is an
average of at least 2
determinations from separate
experiments. Dexa
dexamethasone, Doxo
doxorubicin, Asp E. coli
asparaginase, Trich A histone
deacetylase inhibitor
trichostatin A, HA14.1 =bcl-2
inhibitor HA14.1

Fig. 3 Estimates of the
synergism-antagonism
parameter (a±95% confidence
interval) obtained by fitting Eq.
2 to the full data set from each
experiment with weighted non-
linear regression. Each data
point is from a separate 96-well
plate growth inhibition assay
done in quadruplicate; each
experiment was repeated at
least twice. The shaded area
brackets those interactions
demonstrating Loewe
additivity. Data points above
the grey box demonstrate
Loewe synergism. There were
no cases of Loewe antagonism
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vations in multiple myeloma, however, our data did not
show that bortezomib could make dexamethasone-resis-
tant leukemia cells sensitive to dexamethasone. Although
bortezomib was unable to overcome dexamethasone
resistance in leukemia cell lines, there have been case re-
ports of the effectiveness of the bortezomib–dexametha-
sone combination in the treatment of relapsed ALL [45].

In our study, there was also synergy between bort-
ezomib and the HDAC inhibitor trichostatin A in the
AML cell line THP1. In vitro synergistic interactions
have been previously reported with the combination of
bortezomib and HDAC inhibitors in multiple myeloma
[19, 41], CML [41], and gastrointestinal adenomas [20].
These data suggest that the combination of bortezomib
and HDAC inhibitors may warrant further clinical
study.

Drug combination effects with bortezomib in hema-
tologic malignancies have been examined using a variety
of analysis methods, including the fractional product
method [40, 46], the isobologram method [47], the
median dose effect method of Chou and Talalay [18, 21,
41, 42, 48, 49] and the universal response surface ap-
proach (URSA) method refined by Greco et al. [34]
which we used in this study. There are significant dif-
ferences between these drug combination analysis
methods. Differences in conclusions between the median
effect and URSA analysis methods are common. Greco
et al. reanalyzed 136 data sets using their parametric
model fitting approach and noted that only 38 of the 136
data sets (28%) showed close agreement in the final
conclusions between the Chou and Greco analysis [50].

The URSA is an empiric modeling method which
uses weighted, parametric, non-linear regressions to
simultaneously fit all the experimental data to a fully
combined-action model, after which the interaction
parameters are estimated [50]. The median effect model,
in contrast, is a mechanistic modeling method that em-
ploys equations derived from mass action enzyme
kinetics [36]. The merits of these two analysis methods
have undergone extensive critiques [48, 50–53] and it is
not our goal to reanalyze the effectiveness of different
drug combination analysis methods. However, there are
several important differences between these modeling
methods that can explain the different conclusions
drawn by the URSA and the median effect modeling in
this study.

Both Greco [50] and Berenbaum [51] have noted that
the median effect method of Chou and Talalay relies on
the assumption that mutually exclusive interactions (i.e.
drug interactions occurring at the same binding site)
have dose–response curves with equal sigmoidicities (m).
However, in complex cell systems, it is often difficult to
tell if dose–response curve sigmoidicity accurately re-
flects binding site avidity [51]. Unequal sigmoidicities
could be due to different drug binding characteristics (as
proposed by Chou) or could be due to other factors
inherent in a complex cell system, such as unequal drug
metabolism, altered binding site access, or drug efflux
mechanisms [51].

Fig. 4 Median effect analysis: Combination index (CI) as a function
of the fraction affected (Fa) for equipotent fixed-ratio combinations
of the following agents: (a) bortezomib and doxorubicin (molar
ratio 1:0.4) in the pre-B ALL cell line JM1, (b) bortezomib and
cytarabine (molar ratio 1:1.5) in the pre-B ALL cell line RS4, and (c)
bortezomib and dexamethasone (molar ratio 1:1) in the dexameth-
asone-sensitive cell line RS4. Potency ratios were determined from
single-drug IC50 s; the CI was also calculated on at least one other
fixed ratio combination for each drug combination (see methods for
details) with similar results (data not shown). CI values above 1.1
are considered antagonistic, values between 0.9 and 1.1 are
considered additive, and values less than 0.9 are considered
synergistic. Drug concentration increases on the X-axis (i.e. 0.5
represents the IC50 of each drug, 0.9 represents the IC90 of each
drug)

20



When single-agent dose–response curves have differ-
ent sigmoidicities (i.e. m1 „ m2) mutual exclusivity
using the median effect method cannot be established
and an alternative mutually non-exclusive analysis is
used [48]. However, investigators have pointed out that
the equation used to determining mutually non-exclusive
interactions overestimates the combination index and
incorrectly categorizes interactions that are synergistic
as either additive or even antagonistic at low-fractional
effects (fa) [50, 51]. We believe this accounts for the
‘‘antagonistic’’ interactions seen in bortezomib/cytara-
bine and bortezomib/dexamethasone combinations at
low fa’s (Table 2 and Fig. 4).

Greco also notes that drugs with unequal dose–re-
sponse curve sigmoidicities will have a curved median
effect plot in which large differences in slope parame-
ters have a profound effects on the curvature of the
median effect plot (which should be linear) [50].
Because of this curvature in the median effect plot, the
median effect analysis will also overestimate synergy at
high-fractional effects. As is evident from Fig. 5, the
sigmoidicity of the bortezomib dose–response curve

differs from the other agents studied in most cell lines.
Because of the limitations of the median effect method
in analyzing drugs with different dose–response curve
sigmoidicities, we believe the URSA method provides
a more robust analysis of bortezomib-drug interac-
tions.

Different analysis methods have been employed in
prior studies examining bortezomib/drug combinations.
Although several papers noting bortezomib potentiation
do not use modeling methods, [13, 15, 43, 54] several
others have noted synergistic interactions between bort-
ezomib and other chemotherapy agents (flavopiridol, the
bcl-2 inhibitor HA14-1, the HDAC inhibitor suberoy-
lanilide hydroxamic acid (SAHA), and gemcitabine) using
the median effect method of Chou and Talalay [18, 21, 41,
42, 42, 49]. As noted above, however, the Chou method
can overestimate synergy at high-fractional effects (fa)
and the bortezomib drug combination interactions noted
in prior reports may in fact be additive if analyzed using
the more rigorous URSA method.

Regardless of the analysis method used, bortezomib
appears to potentiate the effectiveness of combination

Fig. 5 Distribution of the dose-
response curve slope
parameters (�m) for
bortezomib, dexa
dexamethasone, asp
asparaginase, AraC cytarabine,
doxo doxorubicin and the
histone-deacetylase inhibitor
trichostatin A. Slope
parameters for bortezomib
ranged from �2 to �5.8; each
m value was determined from
six data points done in
quadruplicate. Large negative
slope values indicate a steep
dose–response curve

Table 2 Comparison of bortezomib/drug combinations using
URSA [34] and median effect method [57]. Bortezomib was added
simultaneously to the drug noted. Non-constant drug ratios were

used for URSA and at least two constant drug ratios were used for
median effect analysis (see Methods for details). All experiments
were performed at least twice.

Drug Cell line Alpha Effect Combination index Effect

Dexamethasone RS4 3.2 Synergistic 0.94–1.47 Mixeda,c

Doxorubicin JM1 0.39 Additive 0.69–1.16 Synergisticb,c

Cytarabine Reh 0.45 Additive 0.16–0.53 Synergisticb

RS4 0.16 Additive 0.71–1.21 Synergisticb,c

Jurkat 0.0013 Additive 0.63–1.23 Mixeda

aAnalyzed using the median effect mutually non-exclusive equation (see Methods)
bAnalyzed using the median effect mutually exclusive equation (see Methods)
cGraph shown in Fig. 4
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chemotherapy in leukemia. The results of our study sug-
gest that bortezomib is at least additive with several che-
motherapy agents commonly used in leukemia treatment
andmay be synergistic with dexamethasone under certain
conditions. Bortezomib has non-overlapping toxicities
with myelosuppressive agents used to treat adults with
hematologic malignancies [11, 55] and a phase 1 trial of
bortezomib inpediatric patientswith solid tumors showed
minimal bortezomib toxicity in children [37, 56] These
clinical results, combined with the in vitro combination
analysis presented here, suggests that the combination of
bortezomib and cytotoxic chemotherapies warrants fur-
ther clinical investigation in leukemia.
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