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Abstract The epothilones and their analogs constitute a
novel class of antineoplastic agents, produced by the myxo-
bacterium Sorangium cellulosum. These antimicrotubule
agents act in a similar manner to taxanes, stabilizing micro-
tubules and resulting in arrested tumor cell division and
apoptosis. Unlike taxanes, however, epothilones and their
analogs are macrolide antibiotics, with a distinct tubulin
binding mode and reduced susceptibility to a range of com-
mon tumor resistance mechanisms that limit the eVective-
ness of taxanes and anthracyclines. While natural
epothilones A and B show potent antineoplastic activity in
vitro, these eVects were not seen in preclinical in vivo mod-
els due to their poor metabolic stability and unfavorable
pharmacokinetics. A range of epothilone analogs was syn-
thesized, therefore, with the aim of identifying those with
more favorable characteristics. Here, we describe the pre-
clinical characterization and selection of ixabepilone, a
semi-synthetic epothilone B analog, among many other
epothilone analogs. Ixabepilone demonstrated superior pre-
clinical characteristics, including high metabolic stability,
low plasma protein binding and low susceptibility to multi-
drug resistance protein-mediated eZux, all of which were
predictive of potent in vivo cell-killing activity. Ixabepilone
also demonstrated in vivo antitumor activity in a range of
human tumor models, several of which displayed resistance
to commonly used agents such as anthracyclines and taxanes.

These favorable preclinical characteristics have since
translated to the clinic. Ixabepilone has shown promising
phase II clinical eYcacy and acceptable tolerability in a
wide range of cancers, including heavily pretreated and
drug-resistant tumors. Based on these results, a randomized
phase III trial was conducted in anthracycline-pretreated or
resistant and taxane-resistant metastatic breast cancer to
evaluate ixabepilone in combination with capecitabine.
Ixabepilone combination therapy showed signiWcantly supe-
rior progression-free survival and tumor responses over
capecitabine alone.
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Introduction

Since the clinical antitumor activity of the taxanes was dis-
covered in the 1990s, the rationale for using microtubule-
stabilizing agents in the treatment of cancer is undisputed
[1]. Taxanes are clinically active against a wide range of
tumor types, and play a key role in the treatment of both
primary and metastatic breast cancer [2]. However, resis-
tance to cytotoxic drugs (including taxanes) is common,
and results in reduced response rates and ultimate disease
progression in most patients with metastatic cancer [3].
While some tumors display intrinsic resistance to chemo-
therapeutic drugs, and thus show no response, others are
initially responsive to chemotherapy, but subsequently
develop acquired resistance. Both intrinsic and acquired
resistance lead to a requirement for alternative treatment
options [3].

A major mechanism by which tumors display resistance
to commonly used agents such as taxanes and anthracyclines
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is through overexpression of multidrug resistance (MDR)
proteins including P-glycoprotein (P-gp) and multidrug
resistance-associated protein (MRP)-1 [4]. Overexpression
of these eZux pump proteins causes retention of sub-thera-
peutic concentrations of drug in tumor cells, which results
in a lack of eYcacy. In some tumors that are intrinsically
resistant to chemotherapy, expression of MDR proteins
reXects the constitutive expression of these proteins by the
tissues from which the tumors are derived (for example,
liver and kidney). However, in tumors derived from tissue
types that do not express MDR proteins physiologically,
treatment with chemotherapy can induce expression of
these proteins. This results in acquired resistance to the
chemotherapy agent used, in addition to drugs of the same
class and, on occasion, of diVerent classes [3]. In the case
of the taxanes, at least one other mechanism of drug resis-
tance is known to exist: the overexpression of the �III-tubu-
lin isoform in preference to the �II isoform reduces the
eYcacy of taxanes, as these drugs speciWcally target the �II
isoform [5–8].

In recent years, there has been a great deal of interest
among the oncology community in targeted agents. It is
now widely acknowledged that agents such as trastuzumab
(which targets HER2 in breast cancer) and bevacizumab
(which targets VEGF to inhibit angiogenesis in a range of
solid tumors) have the potential beneWts of at least compa-
rable eYcacy and reduced side-eVects compared with cyto-
toxic agents. However, targeted therapies are only eVective
in subsets of patients with tumors expressing the target
molecule, hence it is likely that cytotoxic agents will
remain important in the treatment of cancer, either in com-
bination with other agents [as seen clinically with paclitaxel
in combination with bevacizumab in trials of non-small cell
lung carcinoma (NSCLC)] or second-line to other therapies
[9, 10]. There is, therefore, a pressing need for the develop-
ment of novel antineoplastic agents that are able to over-
come major mechanisms of tumor drug resistance.

Natural epothilones and their analogs are a novel class of
antineoplastic agents, produced by the myxobacterium
Sorangium cellulosum [11, 12]. Like the taxanes, epothil-
ones promote tumor cell death by stabilizing microtubules
and inducing apoptosis [13]. However, as macrolide antibi-
otics, the epothilones are structurally unrelated to taxanes
and have a distinct tubulin-binding mode. Moreover, unlike
taxanes and anthracyclines, epothilones have low suscepti-
bility to multiple mechanisms of tumor cell resistance,
including MDR, �III-tubulin overexpression and �-tubulin
mutations [8, 14, 15].

The potential for reduced susceptibility to common
mechanisms of tumor resistance led to preclinical and
clinical evaluation of natural epothilones A–F (Fig. 1a),
and a wide range of synthetic and semi-synthetic analogs of
these agents. This review will describe the preclinical

development and selection of a particular epothilone
analog, BMS-247550 (ixabepilone), a semi-synthetic analog
of natural epothilone B that has shown phase II clinical activ-
ity in a wide range of tumor types, including those heavily
pretreated with, and/or resistant to, prior therapies [16–26].

Epothilones and their analogs: a novel class 
of antineoplastic agents

Epothilones are 16-member macrolides with unique anti-
bacterial and antifungal activity. Preclinical experiments
have shown that natural epothilones A and B have potent
antineoplastic activity against a wide range of tumor cell
lines in vitro [14, 27]. This is particularly true for epothi-
lone B, which showed greater in vitro activity when com-
pared with epothilone A [28, 29]. However, this promising
in vitro activity of these natural epothilones did not trans-
late into robust in vivo preclinical antitumor eYcacy [30].
This was due to the poor metabolic stability and unfavor-
able pharmacokinetic properties of natural epothilones seen
in rodent models. Synthetic and semi-synthetic epothilone
analogs were, therefore, developed, with the aim of yield-
ing more favorable preclinical characteristics that would
lead to improved in vivo activity [31, 32]. This was possi-
ble due to the fact that epothilones have a structure of only
moderate complexity, and are amenable to total and semi-
synthesis. A range of semisynthetic analogs was developed
and tested by Bristol–Myers Squibb in order to identify
candidates with a superior eYcacy and safety proWle versus
epothilone B. Of these, ixabepilone is an analog rationally
designed for high in vivo eYcacy, good metabolic stability,
low protein binding and increased water solubility. The lac-
tone oxygen is replaced with nitrogen, resulting in the lac-
tam compound (Fig. 1b). SigniWcantly, this lactam ring is
not susceptible to hydrolysis by esterases, conferring meta-
bolic stability on ixabepilone. Because of its improved
water solubility, ixabepilone has a reduced requirement in
its formulation for the solubilizing agent cremophor, an
agent that has been associated with hypersensitivity
reaction in patients.

Preclinical evaluation of ixabepilone

In order to be of clinical value, an epothilone analog must:
(1) be eYcacious, resulting in clinically meaningful
responses at practical concentrations; (2) have an accept-
able safety proWle; and (3) be readily available through
scalable synthesis.

While the in vitro cytotoxicity/activity of the drug may
give some indication of how potent the drug will be in vivo,
this is not always the case (as seen for natural epothilones B
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and A). This is because many confounding factors exist
in the in vivo environment that are not present in simple in
vitro systems, resulting in unpredictable diVerences in
eYcacy when a drug initially evaluated in vitro is tested
in vivo. For example, even though a drug may have very
potent in vitro activity, it will not be clinically eVective
unless it is metabolically stable in vivo, allowing therapeutic
concentrations to be maintained for the required time. Deter-
mination of metabolic stability during preclinical develop-
ment is, therefore, of great importance. Minimal plasma
protein binding is another important factor related to in vivo
eYcacy. If plasma protein binding is too high, eVective
concentrations of the drug will not be distributed to the target
tumor tissues. Due to the clinical signiWcance of MDR in
many current chemotherapy treatments, low susceptibility
to MDR-mediated eZux is an important characteristic for a
novel agent to possess. However, too low a susceptibility to
MDR could lead to gastrointestinal toxicity, since gastroin-
testinal cells normally are protected from the toxic eVects
of drugs through expression of P-gp. It is important,
therefore, that a level of MDR susceptibility of a given
drug allows eVective drug concentrations to be maintained
within cells, while minimizing gastrointestinal toxicity.

In order to evaluate properties that may be predictive of
clinical eYcacy, a range of preclinical characteristics was
determined for 15 semi-synthetic epothilone analogs syn-
thesized by Bristol–Myers Squibb, including ixabepilone.
Results of these assays (with brief methodologies) are
described below, and summarized in Table 1.

Preclinical in vivo eYcacy

As a measure of antitumor eYcacy, log cell kill (LCK) was
determined for the 15 epothilone analogs and compared
with that for the natural epothilones, using the patient-
derived Pat-7 ovarian carcinoma model (established from
an ovarian cancer patient who had acquired resistance to
standard of care chemotherapy, including TAXOL and
platinum). Tumor xenografts demonstrated overexpression
of P-gp (MDR) and multidrug resistance related protein
(MRP) [14]. Tumor fragments approximately 50 mg in size
were implanted subcutaneously and animals treated with
the natural epothilones or the analogs. Tumor response to
treatment was determined as previously described [14].
Statistical evaluations of the data were performed using
Gehan’s generalized Wilcoxon test [33].

Fig. 1 a Structures of natural 
epothilones A–F and b the semi-
synthetic epothilone B analog 
ixabepilone

O

O OH O

O

OH

R

S

N

Epothilone   A   R = H
                    B   R = Me

O

O OH O

OH

S

N

R

O

O OH O

O

OH

R

S

N

1

12

15

HO

17

a

b

3

7
21

Epothilone   C   R = H
                    D   R = Me

Epothilone   E   R = H
                    F   R = Me

HN

O OH O

O

OH

S

N

123



160 Cancer Chemother Pharmacol (2008) 63:157–166
The LCK for ixabepilone (2.10) was at the upper end of
the range obtained for the 15 analogs (0–2.4; Table 1).
Furthermore, the LCK for ixabepilone was signiWcantly
higher than that for natural epothilone B (LCK = 0.4;
Fig. 2; P < 0.0017), suggesting greater in vivo antitumor
eYcacy for ixabepilone; this was reXected by a more rapid
reduction in tumor weight following ixabepilone treatment
compared with natural epothilone B.

In vitro evaluations of ixabepilone potency

In vitro cytotoxicity

Having determined this higher in vivo antitumor activity
for ixabepilone versus natural epothilone B and most of the
14 other analogs, in vitro characteristics were compared to
determine whether these were predictive of in vivo eYcacy.
In vitro antitumor potency was assessed on the basis of IC50

values against HCT-116 cells (HCT-116 is a non-P-gp
expressing cell line chosen for this purpose in order to
avoid susceptibility to MDR as a confounding factor). The
IC50 values for the 15 analogs ranged from 0.29 to 130 nM.
Encouragingly, ixabepilone retained a very low IC50 value
(2.60 nM), suggesting high cytotoxicity of this analog.
However, the IC50 for ixabepilone was comparable to that
of natural epothilone B (0.41 nM), and the IC50 values did
not correlate with in vivo eYcacy as measured by LCK
(Pearson correlation r = 0.22; P = 0.37).

Tubulin polymerization

Although IC50 is a valuable pharmacologic parameter for
any drug, the high speed of tubulin polymerization induced
by epothilones and their analogs makes the measurement of
this end point diYcult. The rate of change in the propor-
tion of polymerized tubulin is, therefore, a more accurate

Table 1 Preclinical characteristics of natural epothilones and 15 semi-synthetic analogs

EC0.01: eVective concentration, deWned as the interpolated concentration of drug capable of inducing an initial tubulin turbidity slope of 0.01 A280
nm/min rate and calculated using the formula—EC0.01 = concentration/slope. Values expressed as means from three diVerent concentrations; IC50:
the concentration of drug required to kill 50% of HCT-116 tumor cells

LCK log cell kill; MDR multidrug resistance susceptibility, as determined by the ratio of IC50 values in MDR resistant versus sensitive cell lines
(MDR R/S); ND not determined

* Pearson correlation

Epothilone/analog Analog related 
to epothilone

EYcacy 
(LCK)

IC50 (nM) EC0.01 (�M) Metabolic stability 
[nmol/(min mg)]

Plasma protein 
binding (%)

MDR 
(IC50 R/S)

Epothilone A – 0.1 4.25 2.00 0.50 76.6 0.82

Epothilone B – 0.4 0.41 1.80 1.02 92.0 1.48

Epothilone C – ND 6.30 3.65 2.40 ND ND

Epothilone D – 0 6.00 0.60 1.20 99.9 0.98

Epothilone E – ND 6.60 15.50 0.10 90.9 ND

Epothilone F – 1.4 0.28 1.70 0.30 91.0 3.86

BMS-247550 B 2.1 2.60 2.00 0.01 79.4 7.77

BMS-260807 B 0.3 3.40 1.50 0.20 98.0 0.88

BMS-264083 B 2.3 1.00 3.90 0.06 59.0 1.70

BMS-273266 B 0.1 0.70 2.10 0.63 99.3 0.71

BMS-273645 A 0.2 2.60 1.15 1.44 92.0 0.88

BMS-276026 A 0.8 2.70 14.1 0.26 78.6 2.52

BMS-298209 A 0 1.40 1.40 1.60 99.1 1.00

BMS-310656 B 0.2 4.10 2.50 0.27 89.2 1.24

BMS-310704 B 0.4 0.29 1.00 0.27 83.8 1.50

BMS-310705 B 2.4 0.93 7.40 0.06 57.5 16.8

BMS-340475 A 1.0 5.70 1.60 0.10 71.8 2.86

BMS-349145 D 0.1 130 88.9 1.75 97.0 2.45

BMS-357575 B 1.8 1.78 6.60 0.21 87.4 9.29

BMS-362993 A 0.9 59.9 611 0.01 89.2 3.27

BMS-363008 B 1.6 0.94 2.10 0.58 68.4 9.11

EYcacy correlation (r) 0.22 0.0009 0.62 0.76 0.77

P value (2-tailed)* 0.37 0.97 0.004 0.0002 0.0001
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determinant of potency. In order to evaluate tubulin-
polymerizing activity, spectrophotometric analyses of turbidity
following addition of each drug to a solution of tubulin
were performed as previously described [34]. EVective
concentration (EC0.01) was deWned as the interpolated
concentration capable of inducing an initial slope of 0.01
A280 nm/min rate, and was calculated using the formula:
EC0.01 = concentration/slope.

EC0.01 values obtained for the 15 analogs ranged from
1.0 to 611 �M. Ixabepilone displayed potent tubulin-poly-
merizing activity, with an EC0.01 value of just 2.0 �M. This
is consistent with the potent cytotoxicity of ixabepilone as
demonstrated by its low IC50. However, like IC50, EC0.01

was not a signiWcant predictor of in vivo eYcacy as
measured by LCK (r = 0.009; P = 0.97).

Metabolic stability of ixabepilone

As mentioned above, poor metabolic stability of natural
epothilone B was one major reason why its promising pre-
clinical antitumor activity did not translate into preclinical
in vivo eYcacy. Although human plasma does not contain
esterases (unlike mouse plasma), esterases in human liver
would, nevertheless, be able to degrade epothilones. It was,
therefore, important to establish the metabolic stabilities of
the natural epothilones and the 15 analogs in order to select
those with the greatest stability in mice, particularly in light
of the fact that in vitro activity did not appear to be predic-
tive of in vivo activity.

Metabolic stability was assessed by incubating each drug
with mouse S9 liver fraction, obtained by standard methods
[35] at 37°C and sampling at 1, 15, and 45 min. Metabolic
stability was expressed as the rate of hydrolysis. The results
showed that the metabolic stability of the epothilone ana-
logs tested ranged from 0.01 to 1.75 nmol/(min mg pro-
tein). Importantly, those analogs susceptible to metabolic

breakdown were ineVective in terms of antitumor activity; a
Pearson correlation showed that reduced metabolic stability
was a signiWcant predictor of poor in vivo antitumor
eYcacy as measured by LCK (Fig. 3a; r = 0.76; P < 0.004).
Natural epothilones A and B were signiWcantly degraded,
with hydrolysis rates of 0.5 and 1.02 nmol/(min mg),
respectively. Ixabepilone, however, showed very high met-
abolic stability, with a hydrolysis rate of 0.01 nmol/(min
mg). Thus, the metabolic stability of ixabepilone was supe-
rior to all natural epothilones and analogs tested, with a rate
of hydrolysis 100-fold lower than that of its parent com-
pound, epothilone B. Further nonclinical metabolic studies
indicate that ixabepilone is metabolized primarily by cyto-
chrome P450 (CYP) 3A4/5 to many metabolites (but no
active metabolites had been identiWed). Ixabepilone is
neither a CYP inhibitor nor a CYP inducer at clinically
relevant concentrations (BMS unpublished data).

Plasma protein binding

Since plasma protein binding is an important determinant
of in vivo drug potency (as discussed above) the plasma
protein binding characteristics were determined in mouse
plasma. BrieXy, after determining non-speciWc binding in
blank serum ultraWltrate, serum samples of test compounds
were centrifuged to obtain ultraWltrates. The percentage
protein binding was determined by measuring the concen-
trations in serum and ultraWltrate by HPLC-UV assay.

Fig. 2 Median tumor weight against days post-tumor implantation for
ixabepilone and epothilone B in the Pat-7 breast carcinoma model
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Percentage of free compound was expressed as 100 £
(C
Wltrate)/(Cserum). As was the case with low metabolic sta-

bility, high plasma protein binding was signiWcantly predic-
tive of poor in vivo eYcacy, as measured by LCK (Fig. 3b;
r = 0.76; P < 0.0002). Plasma protein binding of the 15 ana-
logs ranged from 57.5 to 99.3%, with natural epothilone B
at the upper end of this range, at 92.0%. Importantly, how-
ever, the plasma protein binding of ixabepilone was lower
than that of natural epothilone B, at 79.4. It should be noted
that the degree of binding of the tubulin agents to plasma
protein is unrelated to binding potency to the tubulin target
itself (e.g. ixabepilone is more potent than paclitaxel in this
regard [14], whereas paclitaxel is more plasma protein
bound at 96%).

Multidrug resistance susceptibility

Susceptibility to MDR is an important characteristic that is
related not only to drug resistance, but also tolerability in
the in vivo setting. To establish the susceptibility of each
agent to MDR, IC50 values against HCT116/VM46 (MDR
resistant) and HCT116 (sensitive) colon cancer cell lines
were obtained. The ratio of IC50 values in MDR resistant
versus sensitive lines (MDR R/S) was used as an expres-
sion of the relative susceptibility of each drug to MDR;
smaller ratios represent lower susceptibility to MDR.

Multidrug resistance R/S ratios for the 15 analogs ranged
from 0.88 to 16.8; ratios for epothilones A and B were 0.82
and 1.48, respectively. Tolerability was evaluated by using
diVerent doses of each analog to determine maximum toler-
ated dose and weight loss. Not unexpectedly, lower relative
MDR susceptibility was a signiWcant predictor of reduced
in vivo eYcacy, as measured by LCK (Fig. 3c; r = 0.77;
P < 0.0001). Notably, of all the measures performed, rela-
tive MDR susceptibility was most predictive of in vivo
eYcacy, suggesting that it is very important to select com-
pounds with a favorable MDR proWle if preclinical results
are to be translated to the clinic.

The MDR susceptibility ratios were lower with all the
epothilone analogs tested compared with the taxanes paclit-
axel and docetaxel [14], for which the MDR R/S ratio was
>100 in a head-to-head comparison. Ixabepilone had an
MDR susceptibility ratio of 7.77, which was substantially
lower than that of paclitaxel, but slightly higher than that of
most of the other epothilone analogs, thus minimizing the
chances of gastrointestinal toxicity.

Further preclinical development of ixabepilone

The above measures show that ixabepilone has potent
in vivo antitumor eYcacy, robust metabolic stability, low
(but not completely absent) susceptibility to MDR, potent

tubulin-polymerizing activity and low plasma protein bind-
ing. Since three of these features were found to be signiW-
cant predictors of in vivo eYcacy in mice as measured by
LCK, the proWle of ixabepilone described above was
encouraging. On this basis, ixabepilone was selected from
all of the analogs tested for further development. Therefore,
a number of additional in vitro and in vivo evaluations were
conducted for this agent.

In these additional studies, ixabepilone was found to
have high preclinical antineoplastic activity in a range of
tumor cell lines and in vivo xenografts [14, 36]. In agree-
ment with the data presented here, the in vitro activity of
ixabepilone matched that of natural epothilone B in terms
of cytotoxicity and microtubule-polymerizing ability.
Moreover, the in vivo activity of ixabepilone was superior
to that of epothilone B, likely due to the higher metabolic
stability and lower protein binding of ixabepilone, as
described above. Importantly, this in vitro and in vivo
activity extended to cell lines and xenograft models
displaying acquired resistance to currently available drugs
[14, 36], consistent with the favorable MDR proWle of ixab-
epilone in the above experiments. Further evaluation of
ixabepilone revealed that, whereas taxanes induce apopto-
sis through upregulation of caspase-9 activity [37], ixabepi-
lone aVects multiple apoptotic pathways [38]. Ixabepilone
results in enhancement of caspase-2 activity [37] and
causes tumor suppressor protein p53 to activate the death
eVector Bax through induction of expression of the
BH3-only protein PUMA [4, 39, 40]. Additionally, a tran-
scription-independent pathway may be involved in Bax
activation in response to ixabepilone [41].

Overcoming drug resistance with ixabepilone 

As described above, drug resistance (either intrinsic or
acquired) limits the use of cancer chemotherapies such as
taxanes and anthracyclines [15]; in such cases, other treat-
ment options must be found if disease progression is to be
prevented. In the case of ixabepilone, therapeutic concen-
trations of drug are theoretically maintained within tumor
cells due to the reduced susceptibility of ixabepilone to
MDR-mediated eZux [15]. Moreover, ixabepilone does not
readily induce tumor cells to overexpress P-gp or MRP-1
[15], suggesting that therapy with ixabepilone would not
lead to development of resistance to other drug classes.
Indeed, passage of the human ovarian carcinoma xenograft
A2780 for more than 3 years in the presence of ixabepilone
has not resulted in emergence of resistance. In contrast,
resistance to paclitaxel had developed in this model within
<6 months of continuous paclitaxel exposure (Fig. 3).

In addition to MDR, expression of �III-tubulin is associ-
ated with clinical resistance to taxanes [5–8]. However, the
123



Cancer Chemother Pharmacol (2008) 63:157–166 163
tubulin-binding mode of ixabepilone aVects the microtubule
dynamics of multiple �-tubulin isoforms, including �III-
tubulin [8]. Unlike paclitaxel, which does not target
�III-tubulin containing microtubules, ixabepilone preferen-
tially suppresses dynamic instability of �III-tubulin con-
taining microtubules compared with �II-tubulin containing
microtubules. Preclinical data also suggest that ixabepilone
has activity in models resistant to paclitaxel due to expres-
sion of mutant �-tubulins [14, 42].

Collectively, these preclinical results suggest that ixab-
epilone may be clinically active against disease which is
already resistant to a number of prior therapies. As such,
ixabepilone may represent an important potential therapy
for cancer patients who have limited treatment options.

Ixabepilone clinical development and future directions

Following its preclinical assessment and selection for fur-
ther development, ixabepilone has been evaluated in a large
number of clinical trials and has demonstrated promising
activity in a broad range of tumor types, including breast
cancer, NSCLC, hormone-refractory prostate cancer, renal
cancer, advanced pancreatic cancer and relapsed non-
Hodgkin’s lymphoma [16–26]. Particularly striking activity
had been observed in metastatic breast cancer (MBC) both
in the Wrst-line setting and in patients who were refractory
to or had developed resistance to multiple classes of stan-
dard chemotherapeutic agents, including importantly taxanes
(paclitaxel or docetaxel), anthracyclins and capecitabine
(Table 2). These promising activities were conWrmed in a
randomized, multinational, phase III study in 752 patients
with metastatic breast cancer that was resistant to and had

progressed after prior anthracyclins and taxane therapy
[43]. Based on the results of these pivotal trials (Table 2),
the US Food and Drug Administration (FDA) approved
ixabepilone for injection (Ixempra™) for the treatment of
two breast cancer indications: (1) in combination with
capecitabine for the treatment of patients with metastatic or
locally advanced breast cancer resistant to treatment with
an anthracycline and a taxane, or whose cancer is taxane
resistant and for whom further anthracycline therapy is con-
traindicated. (2) As monotherapy for the treatment of meta-
static or locally advanced breast cancer in patients whose
tumors are resistant or refractory to anthracyclines, taxanes,
and capecitabine.

As mentioned above, eYcacy of ixabepilone has also
been demonstrated in chemoresistant renal [17, 44] and
pancreatic carcinomas [24] and drug-resistant lung cancer
[45]. Moreover, clinical trials in breast cancer patients have
demonstrated that ixabepilone shows comparable activity
in patients with ER¡ PR¡ HER2-negative (triple-negative)
tumors [46], a disease subgroup with a poor prognosis due
to the unsuitability of targeted treatment options (such as
hormonal therapies and trastuzumab) [47]. In all cases,
ixabepilone had an acceptable and manageable safety pro-
Wle. Sensory neuropathy, a common side-eVect associated
with many current antineoplastics including taxanes, did
occur with ixabepilone treatment, but in most cases was
mild-to-moderate and generally reversible.

Given that synergy between the targeted agent trast-
uzumab and a number of chemotherapy agents (such as cis-
platin, docetaxel, thiotepa and etoposide) have been
demonstrated [48–50], it would be a very welcome advance
in chemotherapy to demonstrate synergy of targeted agents
with antineoplastic agents with lower susceptibility to

Table 2 Ixabepilone clinical development program in breast cancer

a ORR (overall response rate), unless otherwise stated, pCR, pathological complete response

Trial type Disease, characteristics Dose and schedule Number 
of patients

Response 
(%)a

Publication

Breast

Phase II MBC, Wrst line 6 mg/m2 IV QD £ 5 23 57 Denduluri et al. [54]

Phase II MBC, resistant to anthracyclines 40 mg/m2 IV Q 21 D 65 41.5 Roche et al. [25]

Phase II MBC, resistant to taxanes 40 mg/m2 IV Q 21 D 49 12 Thomas et al. [55]

Phase II Invasive BC, neoadjuvant 40 mg/m2 IV Q 21 D 164 21% pCR Llombart et al. [56]

Phase II MBC, resistant to anthracyclines, 
taxanes, and capecitabine

40 mg/m2 IV Q 21 D 126 18.3 Perez et al. [57]

Phase III MBC, anthracycline, 
taxane resistant

Ixabepilone—40 mg/m2 IV Q 21 D
+ Capecitabine—2,000 mg/(m2 day) PO D1-14

375 35 Thomas et al. [43]

Capecitabine—2,500 mg/(m2 day) PO D1-14 377 14

Phase III MBC, anthracycline, 
taxane resistant

Ixabepilone—40 mg/m2 IV Q 21 D
+ Capecitabine—2,000 mg/(m2 day) PO D1-14

»1,200 NA Not yet published

Capecitabine—2,500 mg/(m2 day) PO D1-14 NA
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common tumor resistance mechanisms. Trials are ongoing
and planned, therefore, to investigate the eYcacy of ixabepi-
lone in combination with targeted agents, such as trastuzumab
[51] and bevacizumab, following promising preclinical
results [52, 53]. Additionally, pilot studies in mice suggest
that although ixabepilone is very sensitive to pH, its oral
administration in a buVering solution results in comparable
eYcacy to that seen with intravenous administration. 

A number of other epothilones are currently in clinical
development; a brief overview of these studies is provided
in Table 3.

Conclusions

The epothilones are a promising new class of antineoplas-
tic agents that have the ability to overcome a variety of
tumor resistance mechanisms, a limiting factor with cur-
rently used chemotherapeutic agents. Ixabepilone, an epo-
thilone B analog, was selected for further development
from among other epothilone analogs due to its promising
spectrum of preclinical characteristics and predictors of
clinical eYcacy. Ixabepilone has demonstrated eYcacy
and tolerability across a spectrum of tumor types, includ-
ing diYcult to treat patients with extremely limited treat-
ment options. Ixabepilone also has the potential for
clinically signiWcant activity in combination with a range
of other agents, such as trastuzumab and bevacizumab.
The process of rational design and selection of ixabepilone
has led to eYcacy and safety in the clinical setting, includ-
ing promising eYcacy in patients with multidrug-resistant
disease.

References

1. Jordan MA (2002) Mechanism of action of antitumor drugs that
interact with microtubules and tubulin. Curr Med Chem Antican-
cer Agents 2:1–17

2. Crown J, O’Leary M, Ooi W (2004) Docetaxel and paclitaxel in
the treatment of breast cancer: a review of clinical experience.
Oncologist 9:24–32

3. Longley D, Johnston P (2005) Molecular mechanisms of drug
resistance. J Pathol 205:275–292

4. Leonessa F, Clarke R (2003) ATP binding cassette transporters
and drug resistance in breast cancer. Endocr Relat Cancer 10:43–
73

5. Ranganathan S, Benetatos C, Colarusso P, Dexter D, Hudes G
(1998) Altered beta-tubulin isotype expression in paclitaxel-resis-
tant human prostate carcinoma cells. Br J Cancer 77:562–566

6. Kamath K, Wilson L, Cabral F, Jordan MA (2005) Beta III-tubulin
induces paclitaxel resistance in association with reduced eVects on
microtubule dynamic instability. J Biol Chem 280:12902–12907

7. Mozzetti S, Ferlini C, Concolino P, Filippetti F, Raspaglio G, Pris-
lei S, Gallo D, Martinelli E, Ranelletti FO, Ferrandina G, Scambia
G (2005) Class III {beta}-tubulin overexpression is a prominent
mechanism of paclitaxel resistance in ovarian cancer patients. Clin
Cancer Res 11:298–305

8. Jordan M, Miller H, Ni L, Castenada S, Inigo I, Kan D, Lewin A,
Ryseck R, Kramer R, Wilson L, Lee FY (2006) The Pat-21 breast
cancer model derived from a patient with primary Taxol® resis-
tance recapitulates the phenotype of its origin, has altered beta-
tubulin expression and is sensitive to ixabepilone. In: Proceedings
of american association cancer research 97th annual meeting:
LB-280

9. Sandler A, Gray R, Perry MC, Brahmer J, Schiller JH, Dowlati A,
Lilenbaum R, Johnson DH (2006) Paclitaxel-carboplatin alone or
with bevacizumab for non-small-cell lung cancer. N Engl J Med
355:2542–2550

10. Miller K, Wang M, Gralow J, Dickler M, Cobleigh M, Perez EA,
Shenkier T, Cella D, Davidson NE (2007) Paclitaxel plus
bevacizumab versus paclitaxel alone for metastatic breast cancer.
N Engl J Med 357:2666–2676

Table 3 Status of clinical development of other epothilones and epothilone analogs

DLT dose-limiting toxicity 

Epothilone/epothilone analog Clinical trial results Toxicities proWles References

Epothilone B (EPO-906; 
patupilone)

Phase II: activity seen in breast, lung, 
prostate, ovarian and renal cancers

Phase III trials ongoing

Diarrhea (DLT), fatigue, 
nausea, vomiting

[58–61]

Epothilone D (KOS-862) Phase II: activity seen in metastatic breast 
cancer pretreated with or progressing 
after treatment with anthracycline and taxane

Neuropathy (DLT), impaired 
gait and cognitive/perceptual 
abnormalities (DLT), chest pain 
(DLT), fatigue, nausea and vomiting

[62, 63]

ZK-EPO (third generation 
synthetic epothilone B analog)

Phase I: activity seen in solid tumors, 
including taxane-pretreated breast cancer

Phase II: activity in platinum-resistant 
ovarian cancer

Neuropathy, nausea and ataxia
DLT unknown

[64, 65]

KOS-1584 (epothilone D analog) Phase I: disease stabilization in a range 
of advanced solid malignancies, 
and one partial response seen 
in non-small cell lung cancer

Fatigue, diarrhea, fatigue and anorexia 
DLT unknown

[66, 67]

ABJ879 (C20-desmethyl-C20-
methylsulfanyl-epothilone B)

Currently in Phase I development Unknown Results yet 
to be published
123



Cancer Chemother Pharmacol (2008) 63:157–166 165
11. HöXe G, Bedorf N, Gerth K, Reichenbach H (1993) Inventors;
GBF. Epothilone, deren Herstellungsverfahren sowie diese Ver-
bindungen enthaltende Mittel. German patent 4138042. October
14, 1993. World patent application 9310121. 19 November 1992

12. Gerth K, Bedorf N, HoXe G, Irschik H, Reichenbach H (1996)
Epothilones A and B: antifungal and cytotoxic compounds from
Sorangium cellulosum (Myxobacteria). Production, physico-
chemical and biological properties. J Antibiot (Tokyo) 49:560–
563

13. Bode CJ, Gupta ML, ReiV EA, Suprenant KA, Georg GI, Himes
RH (2002) Epothilone and paclitaxel: unexpected diVerences in
promoting the assembly and stabilization of yeast microtubules.
Biochemistry 41:3870–3874

14. Lee FYF, Borzilleri R, Fairchild CR, Kim S-H, Long BH, Raven-
toz-Suarez C, Vite GD, Rose WC, Kramer RA (2001) BMS-
247550: a novel epothilone analog with a mode of action similar
to paclitaxel but possessing superior antitumor activity. Clin Can-
cer Res 7:1429–1437

15. Wartmann M, Altmann KH (2002) The biology and medicinal
chemistry of epothilones. Curr Med Chem Anticancer Agents
2:123–148

16. Baselga J, Gianni L, Llombart A, Manikhas G, Kubista E, Steger
G (2005) Predicting response to ixabepilone: genomics study in
patients receiving single agent ixabepilone as neoadjuvant
treatment for breast cancer (BC). Breast Cancer Res Treat 94:S31
(Abstract 305)

17. Fojo A, Menefee M, Poruchynsky M, Edgerly M, Mickley L, Li N,
Tapia E, Merino M, Balis F, Bates S (2005) A translational study
of ixabepilone (BMS-247550) in renal cell cancer (RCC): assess-
ment of its activity and demonstration of target engagement in
tumor cells. J Clin Oncol 23:388S (Abstract 4541)

18. Galsky MD, Small EJ, Oh WK, Chen I, Smith DC, Colevas AD,
Martone L, Curley T, DeLaCruz A, Scher HI, Kelly WK (2005)
Multi-institutional randomized phase ii trial of the epothilone B
analog ixabepilone (BMS-247550) with or without estramustine
phosphate in patients with progressive castrate metastatic prostate
cancer. J Clin Oncol 23:1439–1446

19. Hussain M, Tangen CM, Lara PN Jr, Vaishampayan UN, Petrylak
DP, Colevas AD, Sakr WA, Crawford ED (2005) Ixabepilone
(epothilone B analogue BMS-247550) is active in chemotherapy-
naive patients with hormone-refractory prostate cancer: a south-
west oncology group trial S0111. J Clin Oncol 23:8724–8729

20. Low JA, Wedam SB, Lee JJ, Berman AW, Brufsky A, Yang SX,
Poruchynsky MS, Steinberg SM, Mannan N, Fojo T, Swain SM
(2005) Phase II clinical trial of ixabepilone (BMS-247550), an
epothilone B analog, in metastatic and locally advanced breast
cancer. J Clin Oncol 23:2726–2734

21. O’Connor O, Straus D, Moskowitz C, Hamlin P, Portlock C, Ge-
recitano J, Neylon E, Colevas D, Zelenetz A (2005) Targeting the
microtubule apparatus in indolent and mantle cell lymphoma with
the novel epothilone analog BMS 247550 induces major and dura-
ble remissions in very drug resistant disease. J Clin Oncol 23:16S
(Abstract 6569)

22. Smith SM, Pro B, Besien Kv, Conner K, Karrison T, Wong S, StiV
P, Vokes E (2005) A phase II study of epothilone B analog BMS-
247550 (NSC 710428) in patients with relapsed aggressive non-
Hodgkin’s lymphomas. J Clin Oncol 23:16S (Abstract 6625)

23. Conte P, Thomas E, Martin M, Klimovsky J, Tabernero J (2006)
Phase II study of ixabepilone in patients (pts) with taxane-resistant
metastatic breast cancer (MBC): Wnal report. J Clin Oncol 24:18S
(Abstract 10505)

24. Whitehead RP, McCoy S, Rivkin SE, Gross HM, Conrad ME,
Doolittle GC, WolV RA, Goodwin JW, Dakhil SR, Abbruzzese JL
(2006) A phase II trial of epothilone B analogue BMS-247550
(NSC #710428) ixabepilone, in patients with advanced pancreas

cancer: a southwest oncology group study. Invest New Drugs
24:512–520

25. Roche H, Yelle L, Cognetti F, Mauriac L, Bunnell C, Sparano J,
Kerbrat P, Delord J-P, Vahdat L, Peck R, Lebwohl D, Ezzeddine
R, Cure H (2007) Phase II clinical trial of ixabepilone (BMS-
247550), an epothilone B analog, as Wrst-line therapy in patients
with metastatic breast cancer previously treated with anthracycline
chemotherapy. J Clin Oncol 25:3415–3420

26. Zhuang SH, Hung YE, Hung L, Robey RW, Sackett DL, Linehan
WM, Bates SE, Fojo T, Poruchynsky MS (2007) Evidence for
microtubule target engagement in tumors of patients receiving
ixabepilone. Clin Cancer Res 13:7480–7486

27. Bollag DM, McQueney PA, Zhu J, Hensens O, Koupal L, Liesch
J, Goetz M, Lazarides E, Woods CM (1995) Epothilones, a new
class of microtubule-stabilizing agents with a Taxol-like mecha-
nism of action. Cancer Res 55:2325–2333

28. Kowalski RJ, Giannakakou P, Hamel E (1997) Activities of the
microtubule-stabilizing agents epothilones A and B with puriWed
tubulin and in cells resistant to paclitaxel (Taxol®). J Biol Chem
272:2534–2541

29. Altmann K-H (2003) Epothilone B and its analogs—a new family
of anticancer agents. Mini Rev Med Chem 3:149–158

30. Lee FYF, Vite G, Borzilleri RM, Arico MA, Clark JL, Fager KL,
Kan D, Kennedy KA, Kim AS-H, Smykla RA, Wen M-L, Kramer
RA (2000) Preclinical pharmacology of the epothilone B analog
BMS-247550—an epothilone analog possessing potent activity
against paclitaxel sensitive and resistant human tumors. Clin
Cancer Res 6(Supplement):4580s

31. Borzilleri R, Zheng X-P, Schmidt RJ, Johnson JA, Kim S-H,
DiMarco JD, Fairchild CR, Gougoutas JZ, Lee FYF, Long B, Vite
G (2000) A novel application of a Pd(O)-catalyzed nucleophilic
substitution reaction to the regio- and stereoselective synthesis of
lactam analogues of the epothilone natural products. J Am Chem
Soc 122:8890–8897

32. Johnson J, Kim S, Bifano M, DiMarco J, Fairchild C, Gougoutas
J, Lee F, Long B, Tokarski J, Vite G (2000) Synthesis, structure
proof, and biological activity of epothilone cyclopropanes. Org
Lett 2:1537–1540

33. Gehan EA (1965) A generalized Wilcoxon test for comparing
arbitrarily singly-censored samples. Biometrika 52:203–223

34. Swindell CS, Krauss NE, Horwitz SB, Ringel I (1991) Biologi-
cally active taxol analogues with deleted A-ring side chain substit-
uents and variable C-2’ conWguration. J Med Chem 34:1176–1184

35. Raucy J, Lasker J (1991) Isolation of P450 enzymes from human
liver. Methods Enzymol 206:577–587

36. Lee FYF, Smykla R, Castaneda S, Johnston K, Kan D, Menard K,
McGlinchey K, Peterson RW, Wiebesiek A, Vite G, Fairchild CR,
Kramer R (2008) Preclinical eYcacy spectrum and pharmacoki-
netics of ixabepilone. Cancer Chemother Pharmacol (in press)

37. Rojas-Espaillat LA, Uyar D, Grabowski D, Belinson JL, Lee F,
Canetta R, Bukowski R, Ganapathi M, Ganapathi R (2005) Apop-
totic pathways induced by ixabepilone in paclitaxel-refractory
ovarian carcinoma cells. Proc Am Assoc Cancer Res 46 (Abstract
5318)

38. Yamaguchi H, Chen J, Bhalla K, Wang H-G (2004) Regulation of
bax activation and apoptotic response to microtubule-damaging
agents by p53 transcription-dependent and -independent path-
ways. J Biol Chem 279:39431–39437

39. Trock BJ, Leonessa F, Clarke R (1997) Multidrug resistance in
breast cancer: a meta-analysis of MDR1/gp170 expression and its
possible functional signiWcance. J Natl Cancer Inst 89:917–931

40. Larkin A, O’Driscoll L, Kennedy S, Purcell R, Moran E, Crown J,
Parkinson M, Clynes M (2004) Investigation of MRP-1 protein
and MDR-1 P-glycoprotein expression in invasive breast cancer:
a prognostic study. Int J Cancer 112:286–294
123



166 Cancer Chemother Pharmacol (2008) 63:157–166
41. Burger H, Foekens JA, Look MP, Meijer-van Gelder ME, Klijn
JGM, Wiemer EAC, Stoter G, Nooter K (2003) RNA expression
of breast cancer resistance protein, lung resistance-related protein,
multidrug resistance-associated proteins 1 and 2, and multidrug
resistance gene 1 in breast cancer: correlation with chemothera-
peutic response. Clin Cancer Res 9:827–836

42. Giannakakou P, Sackett D, Fojo T (2000) Tubulin/microtubules:
still a promising target for new chemotherapeutic agents. J Natl
Cancer Inst 92:182–183

43. Thomas ES, Gomez HL, Li RK, Chung H-C, Fein LE, Chan VF,
Jassem J, Pivot XB, Klimovsky JV, de Mendoza FH, Xu B,
Campone M, Lerzo GL, Peck RA, Mukhopadhyay P, Vahdat LT,
Roche HH (2007) Ixabepilone plus capecitabine for metastatic
breast cancer progressing after anthracycline and taxane treatment.
J Clin Oncol 25:5210–5217

44. Zhuang SH, Menefee M, Kotz H, Agrawal M, Poruchynsky M,
Hung E, Zhan Z, Linehan WM, Bates SE, Fojo T (2004) A phase
II clinical trial of BMS-247550 (ixabepilone), a microtubule-stabi-
lizing agent in renal cell cancer. J Clin Oncol 22:14S (Abstract
4550)

45. Vansteenkiste J, Lara PN Jr, Le Chevalier T, Breton J-L, Bonomi
P, Sandler AB, Socinski MA, Delbaldo C, McHenry B, Lebwohl
D, Peck R, Edelman M (2007) Phase II clinical trial of the epothi-
lone B analog, ixabepilone, in patients with non-small-cell lung
cancer whose tumors have failed Wrst-line platinum-based chemo-
therapy. J Clin Oncol 25:3448–3455

46. Roché H, Perez E, Llombart-Cussac A, Pivot X, Thomas E,
Baselga J, Gianni L, Poulart V, Peck R, Martin M (2006) Ixabepi-
lone, an epothilone analog, is eVective in ER-, PR-, HER2-negative
(triple-negative) patients: data from neoadjuvant and metastatic
breast cancer trials. Ann Oncol 17:ix93–113 (Abstract 256-P)

47. Carey L, Dees E, Sawyer L, Gatti L, Moore D, Collichio F, Ollila
D, Sartor C, Graham M, Perou C (2004) The triple negative para-
dox: primary tumor chemosensitivity of the basal-like breast can-
cer (BBC) phenotype. Breast Cancer Res Treat 88(Suppl 1):S48
(Abstract 1023)

48. Pegram M, Slamon D (1999) Combination therapy with trast-
uzumab (Herceptin) and cisplatin for chemoresistant metastatic
breast cancer: evidence for receptor-enhanced chemosensitivity.
Semin Oncol 26(4 Suppl 12):89–95

49. Pegram M, Lopez A, Konecny G, Slamon D (2000) Trastuzumab
and chemotherapeutics: drug interactions and synergies. Semin
Oncol 27(6 Suppl 11):21–25

50. Burris H 3rd (2001) Docetaxel (Taxotere) in HER-2-positive pa-
tients and in combination with trastuzumab (Herceptin). Semin
Oncol 27(2 Suppl 3):19–23

51. Moulder S, Wang M, Gradishar W, Perez E, Sparano J, Pins M,
Sledge G (2007) A phase II trial of trastuzumab, weekly ixabepi-
lone (BMS-247550) and carboplatin (TIC) in patients with HER2/
neu-positive (HER2+) metastatic breast cancer (BMC): a trial
coordinated by the Eastern cooperative oncology group (E2103).
Breast Cancer Res Treat 106:S270 (Abstract 6070)

52. Lee FY, Castaneda S, Inigo I, Kan D, Paul B, Wen M-L, Fairchild
C, Clark E, Lee H (2005) Ixabepilone (BMS-247550) plus trast-
uzumab combination chemotherapy induces synergistic antitumor
eYcacy in HER2 dependent breast cancers and is accompanied by
modulation of molecular response markers. J Clin Oncol 23:16S
(Abstract 561)

53. Lee FY, Castenada S, Hawken D, Hickey C, Kan D, Lewin A,
Mei-Li Wen, Ryseck R, Fargnoli J, Kramer R (2005) Bev-
acizumab/ixabepilone (BMS-247550) combination produces syn-
ergistic antitumor eYcacy in multiple tumor models in vivo and is
superior to bevacizumab/paclitaxel combination. In: AACR-NCI-
EORTC international conference on molecular targets and cancer
therapeutics, Philadelphia, PA, p 190 (Abstract B246)

54. Denduluri N, Low JA, Lee JJ, Berman AW, Walshe JM, Vatas U,
Chow CK, Steinberg SM, Yang SX, Swain SM (2007) Phase II tri-
al of ixabepilone, an epothilone B analog, in patients with meta-
static breast cancer previously untreated with taxanes. J Clin
Oncol 25:3421–3427

55. Thomas E, Tabernero J, Fornier M, Conte P, Fumoleau P, Lluch
A, Vahdat LT, Bunnell CA, Burris HA, Viens P, Baselga J, Rivera
E, Guarneri V, Poulart V, Klimovsky J, Lebwohl D, Martin M
(2007) Phase II clinical trial of ixabepilone (BMS-247550), an
epothilone B analog, in patients with taxane-resistant metastatic
breast cancer. J Clin Oncol 25:3399–3406

56. Cussac AL, Baselga J, Manikhas G, Kubista E, Steger G, Galbraith
SM, Sullivan MA, Zerba K, Lee H, Gianni L (2005) Phase II
genomics study in patients receiving Ixabepilone as neoadjuvant
treatment for breastcancer (BC): preliminary eYcacy and safety
data. J Clin Oncol 23:16S (Abstract 586)

57. Perez EA, Lerzo G, Pivot X, Thomas E, Vahdat L, Bosserman L,
Viens P, Cai C, Mullaney B, Peck R, Hortobagyi GN (2007) EY-
cacy and safety of ixabepilone (BMS-247550) in a phase II study
of patients with advanced breast cancer resistant to an anthracy-
cline, a taxane, and capecitabine. J Clin Oncol 25:3407–3414

58. Thompson J, SwerdloV J, Escudier B, Dutcher J, Bukowski R,
Vaishampayan U, Hussain A, Negrier S, Rothermel J (2003) Phase
II trial evaluating the safety and eYcacy of EPO906 in patients
with advanced renal cancer. Proc Am Soc Clin Oncol 22:405
(Abstract 1628)

59. Osterlind K, Sanchez JM, Zatloukal P, Hamm J, Belani CP, Kim
E, Felip E, Johri A, Berton M, Sklenar I (2005) Phase I/II dose
escalation trial of patupilone every 3 weeks in patients with non-
small cell lung cancer. J Clin Oncol 23:16S (Abstract 7110)

60. Rubin EH, Rothermel J, Tesfaye F, Chen T, Hubert M, Ho Y-Y,
Hsu C-H, Oza AM (2005) Phase I dose-Wnding study of weekly
single-agent patupilone in patients with advanced solid tumors.
J Clin Oncol 23:9120–9129

61. Smit WM, SuXiarsky J, Spanik S, Wagnerova M, Kaye S, Oza
AM, Gore M, Williams K, Johri A, Ten Bokkel Huinink WW
(2005) Phase I/II dose-escalation trial of patupilone every 3 weeks
in patients with relapsed/refractory ovarian cancer. J Clin Oncol
23:16S (Abstract 5056)

62. Buzdar A SP, Kaufman PA, Waintraub S, Doyle T, Kroener J
(2005) A phase II study of KOS-862 (epothilone D) in anthracy-
cline and taxane pretreated metastatic breast cancer: updated re-
sults. Breast Cancer Res Treat 94(Suppl 1):S69 (Abstract 1087)

63. Overmoyer B, Waintraub S, Kaufman PA, Doyle T, Moore H,
Modiano M, Kroener J, Zhang X, Buzdar A, Demario M (2005)
Phase II trial of KOS-862 (epothilone D) in anthracycline and
taxane pretreated metastatic breast cancer. J Clin Oncol 23:16S
(Abstract 778)

64. Schmid P, Kiewe P, Kuehnhardt D, Korfel A, Lindemann S,
Giurescu M, Reif S, Thiel E, Possinger K (2005) A phase I study
of the novel, third generation epothilone ZK-EPO in patients with
advanced solid tumors. J Clin Oncol 23:16S (Abstract 2051)

65. Rustin GJ, Reed NS, Jayson G, Ledermann JA, Adams M, Stred-
der C, Wagner A, Giurescu M, The ZKEPOSGiP-ROC (2007)
Phase II trial of the novel epothilone ZK-EPO in patients with plat-
inum resistant ovarian cancer. J Clin Oncol 25:18S (Abstract
5527)

66. Villalona-Calero M, Goel S, Schaaf L, McCracken B, Desai K,
Cropp G, Zhou Y, Johnson R, Hannah A, Mani S (2006) First-in-
human phase I trial of a novel epothilone, KOS-1584. J Clin Oncol
24:18S (Abstract 2003)

67. Stopeck A, Moulder S, Jones S, Cohen J, McDowell M, Cropp G,
Zhong Z, Wells S, Hannah A, Burris H (2007) Phase I trial of
KOS-1584 (a novel epothilone) using two weekly dosing
schedules. J Clin Oncol 25:18S (Abstract 2571)
123


	Preclinical discovery of ixabepilone, a highly active antineoplastic agent
	Abstract
	Introduction
	Epothilones and their analogs: a novel class of antineoplastic agents
	Preclinical evaluation of ixabepilone
	Preclinical in vivo eYcacy
	In vitro evaluations of ixabepilone potency
	In vitro cytotoxicity
	Tubulin polymerization

	Metabolic stability of ixabepilone
	Plasma protein binding
	Multidrug resistance susceptibility

	Further preclinical development of ixabepilone
	Overcoming drug resistance with ixabepilone
	Ixabepilone clinical development and future directions
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


