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Abstract
Brainmetastases of breast andother cancers remain resistant to chemotherapeutic regimens that are effective

systemically, in part due to the blood–brain barrier. We report that TPI-287, a new microtubule-stabilizing

agent, displays in vitro cytotoxic activity similar to taxanes and epothilones. Unlike the taxanes, TPI-287 is

permeable through the blood–brain barrier. Brain-to-plasma ratios of TPI-287 after a single injection typically

exceeded one and were as high as 63.8 in the rat and 14.1 in the mouse. A brain-tropic derivative of the MDA-

MB-231 triple-negative breast cancer cell line, 231-BR, was used to test whether TPI-287 may be efficacious at

preventing or treating brain metastases. TPI-287 had growth inhibitory effects comparable with paclitaxel

when 231-BR tumor cells were injected into the mammary fat pad. Brain metastatic colonization was

determined by intracardiac injection of 231-BR cells, with treatment beginning on day 3 to 4 postinjection,

culminating in a histologic count of brain metastases in brains necropsied days 25 to 28 postinjection. In this

assay, paclitaxel, ixabepilone, and nab paclitaxel did not have significant inhibitory activity. TPI-287 was

ineffective in the same assay using a 6 mg/kg every week schedule; however an 18 mg/kg dose delivered on

days 3, 7, and 11 significantly reduced the outgrowth of brain metastases (55% reduction, P ¼ 0.028) and

reduced proliferation in brain metastases (16% reduction, P ¼ 0.008). When TPI-287 treatment was delayed

until days 18, 22, and 26postinjection, efficacywas reduced (17% reduction, not significant). These data suggest

that TPI-287 may have efficacy when administered early in the course of the disease. Mol Cancer Ther; 11(9);

1959–67. �2012 AACR.

Introduction
Paclitaxel, discovered in 1967 and first introduced into

the clinic in 1993, continues to be one of the most active
antineoplastic agents against a wide spectrum of malig-
nancies, including ovarian, breast, lung, prostate, head
and neck cancers (reviewed in refs. 1, 2). The success of
this microtubule-stabilizing agent has led to the develop-
ment of synthetic taxane derivatives, such as docetaxel,
and more recently the epothilones, exemplified by ixabe-
pilone (reviewed in ref. 3). On-going efforts continue to

develop alternative molecules, which target the tubulin
cytoskeleton, as not all cancers respond to treatment with
these agents. Even among susceptible cancers, the major-
ity of patients eventually develop resistance. There are
multiple pathways involved in acquired resistance to
taxanes, including detoxification, alterations in tubulin
dynamics, chromosomal instability, and antiapoptotic
pathways (4–9). Another common cause of resistance in
cancer cells is the expression of ATP-dependent drug
efflux pumps, such as P-glycoprotein (P-gp), also known
as ABCB1, the product of themultidrug-resistance-1 gene
(MDR1; reviewed in ref. 10). P-gp and other efflux pumps
may also represent amajor cause of the inability of taxanes
to cross the blood–brain barrier (BBB), limiting their
efficacy for central nervous system malignancies (11).

We have studied the problem of brain metastasis of
breast cancer. This complication was once a late aspect
of disease progression but, increasingly, is now a first site
of disease progression after otherwise successful treat-
ment in the metastatic setting, and is only treated by
palliation (reviewed in refs. 12–16). Multiple reasons may
account for the lack of efficacy of traditional chemother-
apeutics in the brain. Detailed pharmacokinetic studies
using 2 experimental brain metastasis models showed
that permeability to either tracers or radiolabeled drugs
(paclitaxel, doxorubicin) was increased in brain metasta-
ses relative to normal brain, but themagnitude of increase
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was just several fold and far lower than needed to reach
effective drug concentrations; only 10% of experimental
lesions exhibited sufficient paclitaxel uptake to show a
cytotoxic response (17). Other components of the BBB
such as astrocytes may also limit drug efficacy (18). To
date, we have tested 16 approved or experimental drugs
in an experimental brainmetastasis assay and have found
efficacy in only a minority (19–21), suggesting that a
distinct, brain-permeable armamentariumwill be needed
for this site.

In this report, a new microtubule stabilizer, TPI-287, is
described. TPI-287 readily crossed the normal BBB.While
paclitaxel and TPI-287 showed similar cytotoxicity to
breast cancer cells in vitro, and in a model of primary
breast tumors, only TPI-287 was able to significantly
reduce metastatic colonization of breast cancer in the
brain.

Materials and Methods
Drugs and administration

Paclitaxel was purchased from Sigma-Aldrich. TPI-287
was obtained from Archer Biosciences. Stock solutions of
TPI-287 and paclitaxel were prepared in a 1:1 mixture of
ethanol and cremophor EL (Sigma). For in vivo studies,
drugs were diluted 1:10 in saline (0.9% sodium chloride)
immediately before intravenous injection (i.v.) into mice.
Clinical preparations of nabpaclitaxel (Abraxane,Abraxis
Bioscience, powdered), docetaxel (Taxotere, Sanofi Aven-
tis), ixabepilone (BMS-247550, Bristol-Meyers Squibb),
and paclitaxel [Taxol, Bristol-Myers Squibb (BMS),
6mg/kg stock], were obtained from the NIH Clinical or
Veterinary Pharmacies.

Cell lines and viability assays
Derivation and maintenance of the brain metastatic

breast cancer line MDA-MB-231-BR (231-BR) was
described previously (22). The 231-BR cell line was
obtained fromToshiyuki Yoneda (University of Texas, San
Antonio,TX)andwasauthenticatedbyour laboratorymost
recently in August 2011 to the MDA-MB-231 line by short
tandem repeat profiling conducted at the American Type
Culture Collection.

The in vitro cytotoxicity of compounds was assessed in
231-BR cells by a tetrazolium-based colorimetric (MTT)
assay as previously reported (22). Cells were seeded into
replicate wells of a 96-well plate at a density of 2,000
cells per well, 24 hours before compound addition. Drug
stocks were prepared in ethanol, and serial dilutions of
compounds into culture media were added to triplicate
wells. Results represent a minimum of 3 independent
experiments.

Microtubule polymerization assays
The determination of drug effects on tubulin polymer-

ization were measured using a fluorescence-enhanced
tubulin polymerization assay kit (Cytoskeleton, cat#
BK011P). The assay determines the effects of drugs on

tubulin polymerization in a kinetic assay, originally
described by Heusele and colleagues (23) and Bonne and
colleagues (24). Polymerization is followed by fluores-
cence enhancement due to the incorporation of a fluores-
cent reporter into microtubules as polymerization occurs.
The standard assay uses neuronal tubulin, which gener-
ates a polymerization curve representing the 3 phases of
microtubule formation, namely nucleation, growth, and
steady state equilibrium. In this assay, paclitaxel at 3
mmol/L final concentration eliminates the nucleation
phase and enhances the Vmax of the growth phase, reach-
ing steady state in a much shorter time than control (no
drug). Assays were conducted in standard 96-well flat
bottom black plates and read on the TECAN machine,
SpectroFluor Plus, excitation wavelength 340 to 360 nm
and emission 410 to 460 in kinetic mode. Samples were
done in quadruplicate, and ED50 determined to be the
amount of drug necessary to reduce the time to achieve
Vmax by 50%.

Pharmacokinetic studies
Pharmacokinetic studies were conducted at Quest

Pharmaceutical Services. All animal studies were con-
ducted under approved Institutional Animal Care and
Use Committee protocols. TPI-287 was prepared fresh
each day. For rat studies, male Sprague Dawley rats
weighing between 225 and 275 g were dosed with 20
mg/kg TPI-287 by tail vein. At 15 minutes, 2 and 6 hours
post-dose, samples (5 rats per time sample) were collect-
ed. Cerebrospinal fluid (CSF) was collected under isoflur-
ane anesthesia from the cisterna magna. A terminal blood
sample was collected from each animal by cardiac punc-
ture using K2EDTA as an anticoagulant and plasma
processed immediately. Whole brains were removed by
dissection, collected on wet ice, weighed, and stored at
�20�C with all other samples until assayed. For mouse
experiments, male CD-1 mice weighing 20 to 30 grams
were dosed at 20mg/kgTPI-287, i.v. via tail vein. Samples
were collected at 5minutes, 15minutes, and 2, 8, 32, 48, 72,
and96hourspost-dose (4miceper sample time). Terminal
blood samples were collected and brains processed in
identical fashion to the rat study. No attempts were made
to quantify TPI-287 in mouse CSF. The quantification of
TPI-287 was carried out with a liquid chromatography/
tandem mass spectrometry method with internal stan-
dards for plasma and brain homogenates. CSF samples
were run against the plasma standard curve. Duplicate
standard curves were run before and after sample anal-
ysis. Calibration curves consisted of standards prepared
in blank plasma and blank brain homogenates. A mini-
mum of 5 standards were run for each curve with lower
limit of quantitation at 3 nmol/L (�2.6 ng/mL).

Breast primary tumor model
Experiments were conducted under an approved Ani-

mal Use Agreement with the National Cancer Institute
(NCI). Five- to 7-week-old female NCr nu/nu mice
(Charles River Laboratories) were anesthetized under
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isoflurane/O2 and 5� 106 231-BR cells were inoculated in
the fourth mammary fat pad. Treatment started when
the average tumor sizewas approximately 200mm3.Mice
were then randomized into 3 groups (n ¼ 5 per group)
and received 18 mg/kg vehicle, paclitaxel, or TPI-287 on
every fourth day for a total of 3 injections (every 4 days
�3). Caliper measurements of the tumor size and mouse
weight were calculated twice weekly. For tumor
volume determination: Two-dimensional measurements
were taken twice per week with a caliper and tumor
volume (V) calculated using the following formula: V ¼
a � b2 � 0.52, where a is the longest diameter, b is the
shortest one, and 0.52 is a constant to calculate the volume
of an ellipsoid.

Experimental brain metastasis model
Experiments were conducted under an approved

Animal Use Agreement with the NCI as previously
reported (19, 22, 25). Briefly, female NCr nu/nu mice
(Charles River Laboratories) were inoculated in the
left cardiac ventricle with 1.75 � 105 human 231-BR
cells. Treatments began on days 3 to 4 postinjection
unless noted. At necropsy, generally on days 25 to 28
postinjection, the brain was removed for histologic
analysis. Ten micron cryosections were prepared and
processed for histology and immunofluorescence;
and metastases were quantified by manual counts in
10 step sections through one hemisphere as previously
published (25).

Immunofluorescence analyses
Immunofluorescence analyses were conducted as pre-

viously described (25). The following antibodies were
used: anti-Ki67 (Vector Laboratories); anti-acetylated
Tubulin (Sigma-Aldrich). Secondary antibodieswere con-
jugated to Alexa568 (Molecular Probes). The number of
Ki67-positive cells was enumerated in photographs using
DAPI (40,6-diamidino-2-phenylindole, dilactate; Molecu-
lar Probes) to counterstain all nuclei.

Statistical methods
A variety of ANOVAs were conducted on the raw or

transformed data (as indicated by the Box–Cox trans-
formation). One-way ANOVAs were used to analyze
simple fixed effect models. Two- or 3-factor factorial
ANOVAs were used to analyze more complex fixed
effect models. Repeated measures ANOVA was used to
analyze longitudinal data. Mixed models were used as
necessary to model random variation due to repeated
experiments or other random effects. Analysis of
covariance was used to account for important covari-
ates. A binomial distribution using a logit link function
was used to analyze percentage data (events per trials).
Finally, for all ANOVAs, residuals were examined for
normality and homogeneity and residuals were parti-
tioned if found to be heterogeneous. For pairwise
comparisons, Holm method was used to adjust pair-
wise P values.

Results
Characterization of TPI-287

TPI-287, (20R,30S)-20hydroxy-N-carboxy-30-amino-50-
methyl-hexanoic, N-tert-butyl ester, 13 ester 5b-20-
epoxy-1,2a,4,7b,9a,10a,13a-heptahydroxy-4,10-diace-
tate-2-benzoate-7,9-acrolein acetal-tax-11(15 ! 1)-abeo-
taxane, is a derivative of taxol, and is part of a class of
structures known as abeotaxanes. Its structure, shown
in Fig. 1A, differs significantly from the taxanes not only
in that the core baccatin (A) ring is a 5-membered versus a
6-membered ring in all other taxanes, but also in that
several side chain substitutions and changesmake itmore
lipophilic (see paclitaxel anddocetaxel, Fig. 1A).A tubulin
polymerization assay showed that TPI-287 stabilized
microtubules with kinetics similar to or exceeding those
of paclitaxel and docetaxel (Table 1).

The cytotoxicity of TPI-287 was determined using 231-
BR brain-tropic breast cancer cells, in comparison to
paclitaxel, docetaxel, and ixabepilone (Fig. 1B). All 4
compounds exhibited IC50 values and maximal toxicity
in the low (0–10) nanomolar range. All 4 drugs also
resulted in a similar phenotype in treated cells, with the
appearance of micronuclei, apoptotic cell bodies, and an

Figure 1. TPI-287 is a cytotoxicmicrotubule-stabilizing agent. A, chemical
structures of TPI-287, paclitaxel, docetaxel, and ixabepilone. B,
comparison of the cytotoxic activities of TPI-287 and other microtubule-
stabilizing agents. Adherent 231-BR breast cancer cells were exposed to
the indicated doses of TPI-287, paclitaxel, docetaxel, or ixabepilone
and cultured for 72 hours. Relative numbers of viable cells were
determined by an MTT assay, and values normalized to the number of
viable cells at the experimental endpoint in the absence of drug.
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increase in mitotic figures indicative of microtubule sta-
bilization (data not shown).

Brain permeability of TPI-287
Experiments using normal rats and mice were carried

out using a single intravenous injection of 20 mg/kg TPI-
287. The plasma and brain concentrations of TPI-287 over
time are plotted for both species on Fig. 2 (A, rats; B,mice).

Calculated pharmacokinetic parameters for TPI-287 in
mice are listed on Supplementary Table S1; Supplemen-
tary Tables S2 and S3 detail the brain/plasma concentra-
tion data for both species. In both time curves, a typical
drug elimination profile with limited sampling time was
observed. Brain concentrations of TPI-287 exceeded those
of plasma throughout most (rat) or all (mouse) of the time
points tested (Fig. 2). The mean fold elevation of TPI-287
distribution in brain compared with plasma increased
progressively in the mouse from 1.2 just after injection
to 63.8 at 96 hours (Supplementary Table S2); in the rat, the
brain/plasma ratiowas 3.7 at 4 hours and rose to 14.1 at 96
hours (Supplementary Table S3). TPI-287 distribution into
the brain was also more favorable than into plasma in
terms of maximum drug concentration achieved (Cmax),
area under the curve (AUC), and mean residence time
(MRT),with reduced clearance (CL; Supplementary Table
S1). CSF concentrations were investigated in the rat study
and were only detectable 15 minutes after injection (Sup-
plementary Table S3). These data indicate a potentially
high distribution of TPI-287 into brain tissue, suggesting
activity in the brain metastatic setting.

Primary tumor growth
Primary tumors were generated in the mouse mamma-

ry fat pad via inoculation of 231-BR breast cancer cells.
When the tumors reached amean volume of 200mm3, the
mice were divided into 3 treatment groups. Three doses
of paclitaxel (18 mg/kg), TPI-287 (18 mg/kg), or vehicle
(5% cremophor, 5% ethanol, 90% saline) were delivered
i.v. every 4 days, starting on day 37 of the experiment
(Fig. 3A). Mean tumor volume in the paclitaxel- and TPI-
287–treated animals declined beginning on day 41 post-
injection, whereas vehicle-treated tumors continued to
grow (Fig. 3B). The growth rates (slopes) in tumor volume
between days 41 and 48 of the experiment were estimated
using transformeddata (log10(y)). The estimated slope for
the vehicle treatment (0.0345 � 0.00743) was significantly
higher than both the paclitaxel- and TPI-287–estimated
slopes (both P < 0.0001). Paclitaxel (slope ¼ �0.0450 �
0.00743) and TPI-287 (�0.0332� 0.00743) were not signif-
icantly different (P ¼ 0.26). Immunofluorescent stain for
Ki67 revealed a reduction in proliferation in both pacli-
taxel- and TPI-287–treated tumors relative to vehicle-
treated control tumors (Supplementary Fig. S1A). An
increase in the amount of acetylated tubulin-a, a marker
for stabilized microtubules, was also visible following
treatment with either drug (Supplementary Fig. S1B).
Thus, TPI-287 has comparable antitumor properties to
paclitaxel in a primary tumor setting.

Approved microtubule stabilizers fail to prevent
231-BR brain metastatic colonization

The taxanes are known to be relatively brain imper-
meable, due to the action of efflux pumps such as P-gp,
the MRP family (ABCC 2 and 7), and the OATP family
(1 and 4; ref. 12), whereas several of the epothilones
were reported to be more brain permeable. We asked

Table 1. Microtubule polymerization kinetics
with TPI-287 and taxanes, in vitro

Compound
Mean � SEM
ED50

a, mmol/L
ED50 compound/
ED50 paclitaxel

TPI-287 1.58 � 0.46 0.53
Paclitaxel 2.97 � 0.50 1.00
Docetaxel 3.18 � 0.45 1.07

aThe ED50 is the amount of drug required to reduce the time
required to reach Vmax of tubulin polymerization in the stan-
dard reaction mixture as described in the kit instructions.
Each value is the mean of 4 reaction wells � the SEM.

Figure 2. Brain permeability of TPI-287 in rats (A) and mice (B). The mean
levels of TPI-287 in the blood (open circles) and brain (black symbols)
were quantified over a period of 96 hours following a single i.v. injection
of 20 mg/kg. CSF levels at a single point in the rat are shown in the
black square in A.
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whether approved microtubule-stabilizing drugs were
effective in the 231-BR experimental brain metastasis
assay. Briefly, 231-BR cells were injected into the left
cardiac ventricle. Drug dosing began on days 3 to 4
postinjection and continued weekly through the 26 to 28
days of the experiment. Drug doses were 6 mg/kg
i.v. for paclitaxel. For ixabepilone, the initial 2 doses of
5 mg/kg of ixabepilone showed significant toxicity,
therefore, the subsequent 2 doses were delivered at 2.5
mg/kg.At necropsy, each brainwas cryosectioned; hema-
toxylin and eosin-stained large metastases (>300 mm in
one dimension) and micrometastases (smaller) were
quantified in 10 sections every 300 mm through one hemi-
sphere. Mean large metastases and micrometastases
are graphed on Fig. 4. The absolute number of brain
lesions per histologic section varied from experiment to
experiment but, in each case, neither paclitaxel, nor nab
paclitaxel or ixabepilone significantly prevented the
development of brain metastases as compared with vehi-
cle. These data confirm the need for microtubule-stabiliz-
ing drugs with in vivo brain efficacy.

TPI-287 activity in 231-BR experimental brain
metastasis assays
Supplementary Fig. S2 presents a series of experiments

in which TPI-287 was administered to mice in a schema

similar to that shown in Fig. 4. In this experiment, TPI-287
was dosed twice weekly, at 6 mg/kg, starting on day 4
postinjection, as shown in Fig. 4A. Using this dose regi-
men, there was no significant effect on large brain metas-
tases or brain micrometastases (Fig. 4B). However, in a
preliminary experiment using higher doses of TPI-287
(18 mg/kg, �3), we found evidence that the number of
macrometastases were reduced compared with vehicle
treatment (P ¼ 0.047; data not shown).

On the basis of the hypothesis that an elevated dose
of drug, delivered in fewer injections, may be more
efficacious, mice received 18 mg/kg TPI-287 or pacli-
taxel 3 times. In this experiment, the effect of treatment
timing was also investigated. In the experiment shown
on Fig. 5, mice were randomized to paclitaxel, TPI-287
or vehicle, with the drugs delivered either early (days
3, 7, and 11 postinjection) or late (days 18, 22, and 26
postinjection). Paclitaxel at this higher intensity dose
continued to be ineffective in preventing brain meta-
static colonization (all points not significant). Early
administration of TPI-287 reduced the number of large
brain metastases by 55%, from 4.25 � 0.48 in vehicle-
treated mice to 1.92 � 0.55 in the TPI-287–treated mice
(P ¼ 0.025). However, for the large metastases there
was a marginally significant timing effect (early vs. late,
P ¼ 0.039), if these data were pooled over the 2 drugs.
There was also a numerical, but not statistical, trend in
the reduction of micrometastases, from 115 � 10.7 in
the vehicle group to 72 � 12.3 in the TPI-287–treated
group. In addition, for the micrometastases there was a
drug effect (paclitaxel vs. TPI-287, P ¼ 0.018) if these
data were pooled over the 2 timings. Thus, TPI-287
showed efficacy at this dose and schedule in contrast to
paclitaxel. Later administration of TPI was less effec-
tive, resulting in a 17% decrease in large metastases, to
3.54 (not significant).

As a biomarker for drug activity in the brain, immu-
nofluorescence for Ki67 was carried out on day 28
brains, 48 hours after the final (late) treatment with
paclitaxel or TPI-287 (Fig. 5). 231-BR cells in the brain
showed a significant reduction (P ¼ 0.0002) in prolifer-
ation (mean ¼ 40.6% � 1.92%) when treated with TPI-
287 as compared with vehicle-treated mice (mean ¼
56.0% � 2.22%), supporting the trend in metastasis
treatment. In contrast, paclitaxel did not significantly
affect the rate of brain metastasis proliferation (mean ¼
54.4% � 1.91%). Acetylated tubulin staining of brain
metastases was not quantifiable in the heavily stained
brain microenvironment. Of the 2 experiments using the
18 mg/kg dose, no animal deaths were recorded in
experiment 1; in experiment 2, 3 mice in the early
TPI-287 treatment group died after the third dose.
Animal weights for this experiment are graphed
on Fig. 5E. Early administration of TPI-287 resulted in
weight loss, which recovered to those of mice on the late
treatment schedule or vehicle after treatment ended.
Collectively, these data indicate that TPI-287 can reduce
brain metastatic colonization in the 231-BR model.

Figure 3. Effect of microtubule-stabilizing drugs on 231-BR primary tumor
growth in the mammary fat pad. A, mice were inoculated with 231-BR
breast cancer cells into the mammary fat pad. Arrows illustrate the every
4 days �3 dose schedule for paclitaxel, TPI-287, or vehicle, starting
on day 37 postinjection, beginning when the tumors reached a mean
volume of 200 mm3. B, tumor volumes were measured by caliper
measurement. Final tumormeasurementswere taken 3days after the last
dose (day 48). Ancovaon log10(y) transformeddatawasused to compare
slopes ondays 41 to 48. The estimated tumor growth slope for the vehicle
treatment was significantly higher than that for paclitaxel and TPI-287
(both P < 0.0001). Paclitaxel and TPI-287 tumor growth slopes were not
significantly different (P ¼ 0.26).
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Discussion
The taxanes have been shown to provide a clinical

benefit in both the adjuvant setting (26) and in early
treatment of metastatic (27) breast cancer. Recently, sev-
eral epothilones have been developed, which bind a
similar site on tubulin but differ from the taxanes in
specific binding characteristics, potency, and cross-resis-
tance (28–30). A number of microtubule-stabilizing drug
regimens are under investigation for refractorymetastatic
disease (31, 32). The current report describes a new drug
related to the taxanes, TPI-287.

Salient features of TPI-287 include a structure similar
to the taxanes, microtubule stabilization in vitro, and
significant brain permeability. Brain distribution was
determined after a single injection into mice and rats.
Multiple-fold elevation was observed in brain as com-
paredwith plasma in both species, in terms ofCmax, AUC,
and other pharmacologic parameters. Additional phar-
macologic characteristics such as protein binding, metab-
olite concentrations, and tissue levels remaining after
perfusion of the vasculature, remain to be established.
Unpublished data show that TPI-287 is a poor substrate
for the P-gp efflux pump. These data support the inter-
esting hypothesis that TPI-287 may have efficacy in brain
metastatic breast cancer.

Using an experimental model of brain metastasis of
triple-negative breast cancer, we report a 55% reduction
in the formation of large metastases using 3 intravenous
injections of 18 mg/kg TPI-287, beginning on day 3 post-
injection. This level of brain metastasis inhibition is
comparable with that previously reported for lapatinib
using Her-2–transfected 231-BR cells (19), but less than
that using either vorinostat or a polo-like kinase inhibitor
(21, 25). A trend of reduced micrometastases was
observed. Micrometastases as defined in this study were
less than 300 mm in length in a single dimension, and
would correspond to occult lesions in a human brain. In
previous studies, gene transfections and drug delivery
altered the formation of large metastases without signif-
icant effects onmicrometastases, suggesting that these are
biologically distinct entities (19, 22). The significance of
micrometastases remains unknown, as they could remain
occult or grow out to detectable lesions. Using a similar
total dose, but a twice weekly injection schedule, TPI-287
was ineffective, suggesting that Cmax may be a significant
factor for activity.When administered later in the approx-
imate 1 month assay, TPI-287 was less effective, although
a trend in metastasis reduction was supported by Ki67
staining. This characteristic was also observed in vorino-
stat experiments (25), suggesting that relapse free survival

Figure 4. Effects of approved microtubule-stabilizing drugs in an experimental brain metastasis model of breast cancer. A, mice were inoculated by
intracardiac injection of 231-BR breast cancer cells and were subsequently randomized to receive weekly treatments (administered i.v.) with the following:
vehicle control (5% ethanol:5% cremophor:90% saline), nab paclitaxel (6 mg/kg), or paclitaxel (6 mg/kg). An additional group of mice received no treatment;
the no treatment and vehicle control groups were combined. Following 28 days, serial sections of mouse brain were examined histologically and the number
of large brain metastases (>300 mm) and micrometastases (smaller) determined. Graphs indicate the mean number of large brain metastases and
micrometastases counted per brain section. n ¼ 7 mice for no drug, n ¼ 15 for vehicle, n ¼ 17 for nab paclitaxel, and n ¼ 14 for paclitaxel for combined
data from 2 independent experiments. B, number of large brain metastases formed by 231-BR cells after 27 days in untreated mice (no drug, control) or
following weekly treatments with ixabepilone (5 mg/kg�2, 2.5 mg/kg�2). n¼ 10mice for control and n¼ 8 for ixabepilone. All data not significantly different
from vehicle arms.
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rather than the shrinkage of large lesions may be a more
relevant measure of clinical efficacy.
The TPI-287 brain metastasis inhibitory data stand in

contrast to similar experiments usingpaclitaxel and, using
a different dose and schedule, nab paclitaxel and the
epothilone ixebepilone. The epothilones are less subject
to transport by drug efflux pumps, and several have
confirmed brain permeability. Sagopilone crossed the
BBB of mice, with a favorable AUC and half-life (33). It
reduced the growth of intracerebrally implanted MDA-
MB-435 tumor cells, and Lu7187 and Lu7466 non–small
cell lung cancer cells, as compared with nonsignificant
effects of paclitaxel. Weight loss was 6%. In a recently
published phase II study (34), patients with breast cancer
with progressive brain metastases after whole brain radi-
ation therapy received sagopilone. Two patients (13.3%)
achieved partial responses; median progression-free sur-
vival and overall survival were 1.4 and 5.3 months,
respectively, and enrollment was terminated premature-
ly. Significant brain distribution was also reported for
patupilone inmice, with a favorable half-life (35). Activity
was reported in a variety of subcutaneous tumors (not
breast cancer) and weight loss was noted. Patupilone has
moved into clinical testing for brain metastases. A pre-

liminary report of a phase II trial of patupilone in patients
with breast cancer brain metastases progressing or recur-
ring after whole brain radiotherapy reported toxicities of
diaharrea, fatigue,nausea, vomiting, andheadache,witha
27% incidence ofperipheral neuropathy. Partial responses
were observed in 19% of patients (6 of 31), and stable
disease noted in 29% of patients (9 of 31; ref. 36). A phase I
trial of patupilone combined with radiation therapy was
also conducted in patients with glioma and brain metas-
tasis (37). The epothilone forwhich there is themost breast
cancer clinical data, ixabepilone, is approved as mono-
therapy for the treatment of locally advancedormetastatic
breast cancer that is resistant or refractory to anthracy-
clines, taxanes, and capecitabine (3). To our knowledge,
reductions in the growth rates of multiple subcutaneous
tumors have been reported for ixebepilone, but preclinical
in vivo efficacy in the brain is unavailable (38, 39). While it
was anticipated that paclitaxel and nab paclitaxel would
not have brainmetastasis inhibitory activity in the 231-BR
model due to their exclusion from the brain by multiple
efflux pumps, our preclinical data with ixebepilone
were disappointing. One potential reason for a lack of
activity may have been toxicity, which forced dose reduc-
tions. Other potential contributors may include unique

Figure 5. TPI-287, but not
paclitaxel, prevented the formation of
large 231-BR brain metastases. A,
experimental schema in which mice
were inoculated with 231-BR tumor
cells in the left cardiac ventricle. Mice
were randomized to receive an every
4 days �3 schedule of 18 mg/kg
paclitaxel or TPI-287, delivered
either early (days 3, 7, and 11
postinoculation) or late (days 18, 22,
and 26 postinoculation).
B, number of large brain metastases
(>300 mmol/L) in mice 28 days
postinoculation of 231-BR cells
following the treatments described
in A. C, number of brain
micrometastases (<300 mmol/L) in
mice 28 days postinoculation of 231-
BR cells. n¼ 17 for vehicle, n¼ 13 for
TPI-287 early, n ¼ 9 for TPI-287 late,
n¼8 for paclitaxel early, and n¼7 for
paclitaxel late for the results in B and
C. D, immunoflourescence for Ki67
was used to determine proliferation
rate in brain metastases on day 28,
48 hours after the final treatment with
paclitaxel (late schedule) or TPI-287
(late schedule). Each dot represents
the percentage of Ki67-positive
231-BR cells counted in a mouse
brain, P ¼ 0.0002 in a comparison of
TPI-287 and vehicle-treated groups.
E, mean (�SEM) animal weight
differences from baseline
(day 0) through the experiment
described in A.
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resistance pathways in the cell line used, or the effects of
edema or other pharmacologic parameters.

These data suggest that TPI-287 may be of clinical use
in patients with brain metastasis in the prevention of
further outgrowth of established lesions and microme-
tastases. Shrinkage of established lesions was not an
endpoint herein and would require distinct models
amenable to serial imaging. A potential side effect of
all microtubule-stabilizing drugs is peripheral neurop-
athy, and entry of these agents into the brain raises
questions of cognitive deficits, untested in the current
model. Such concerns would be shared with the brain-
permeable epothilones. It is of interest to note that
peripheral neurons and central nervous system neurons
respond distinctly to injury, suggesting the hypothesis
that their response to microtubule stabilizers may also
be distinct (reviewed in ref. 28). Another potential
limitation to the clinical use of TPI-287 is the weight
loss observed upon treatment. This loss recovered after
cessation of treatment in the early treatment model, and
may be ameliorated by hydration (D. Emerson, personal
communication).
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