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Abstract

Eribulin mesylate (E7389, INN:eribulin mesilate Halaven®) is a non-taxane microtubule dynamics
inhibitor currently in clinical use for advanced breast cancer. Other microtubule-targeting agents
for breast cancer, including paclitaxel and ixabepilone, display a common treatment dose-limiting
toxicity of peripheral neuropathy (PN). In an earlier study, we found eribulin mesylate had a lower
propensity to induce PN in mice than either paclitaxel or ixabepilone. In the current study, we
compared additional PN induced by paclitaxel versus eribulin mesylate when administered to mice
with preexisting paclitaxel-induced PN. Initially, paclitaxel at 0.75 x its maximum tolerated dose
(MTD; 22.5 mg/kg) was given on a Q2Dx3 regimen for 2 weeks. The second chemotherapy was
0.5 MTD eribulin mesylate (0.875 mg/kg) or paclitaxel (15 mg/kg) on a similar regimen, starting 2
weeks after the first. Initial paclitaxel treatment produced significant decreases in caudal nerve
conduction velocity (NCV; averaging 19.5 + 1 and 22.2 + 1.3 %, p < 0.001) and amplitude
(averaging 53.2 £ 2.6 and 72.4 £ 2.1 %, p < 0.001) versus vehicle when measured 24 h or 2 weeks
after dosing cessation, respectively. Additional 0.5 MTD paclitaxel further reduced caudal NCV
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and amplitude relative to immediately before initiation of the second regimen (by 11 + 2.1 and
59.2 + 5 %, p < 0.01, respectively). In contrast, 0.5 MTD eribulin mesylate caused no further
decrease in caudal NCV. In conclusion, unlike additional paclitaxel treatment, eribulin mesylate
administered to mice with preexisting paclitaxel-induced PN had limited additional deleterious
effects at 6 weeks. These preclinical data suggest that eribulin mesylate may have reduced
tendency to exacerbate preexisting paclitaxel-induced PN in clinical settings.
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Introduction

Paclitaxel is a microtubule dynamics inhibitor widely used in cancer chemotherapy. It was
originally isolated from the bark of the Pacific yew tree, Taxus brevifolia, and was
subsequently developed commercially by Bristol-Myer Squibb and sold under the trademark
Taxol. Paclitaxel stabilizes microtubules, and as a result, interferes with normal microtubule
breakdown during cell division, resulting in suppression of microtubule dynamics (Wilson
and Jordan 2004). Paclitaxel is approved as a treatment for patients with lung, ovarian,
breast, head and neck cancer, and advanced forms of Kaposis sarcoma (Rowinsky 1993;
Rowinsky et al. 19933, b), however, its effectiveness is limited by the development of severe
peripheral neuropathy (PN) that appears to be dose-dependent (Cavaletti et al. 1995a, b;
Mimura et al. 2000). The incidence of neuropathy in patients receiving paclitaxel is
estimated to be 50-90 % and is characterized by dysesthesia (numbness, tingling and
burning pain) of the hands and feet (Cavaletti et al. 1995b; Rowinsky 1993; Rowinsky et al.
1993a; Wiernik et al. 1987). A number of rodent models of paclitaxel-induced neuropathy
have also been developed (Apfel et al. 1991; Authier et al. 2000; Boyle et al. 1999; Cavaletti
et al. 1995b; Cliffer et al. 1998; Dina et al. 2001; Polomano et al. 2001; Wozniak et al.
2011), which may also have clinical relevance.

Eribulin mesylate (E7389) is a non-taxane, structurally simplified, synthetic analogue of the
naturally occurring anticancer agent, halichondrin B (Mani and Swami 2010). Eribulin
inhibits microtubule dynamics via a novel mechanism of action (Dabydeen et al. 2006;
Jordan et al. 2005; Okouneva et al. 2008), thought to involve binding to a unique tubulin
binding site (Dabydeen et al. 2006) resulting in the suppression of microtubule
polymerization together with sequestration of tubulin into non-functional aggregates,
causing irreversible mitotic block and apoptosis (Dabydeen et al. 2006; Jordan et al. 2005;
Okouneva et al. 2008). Its encouraging preclinical activity prompted its initial entry into
clinical trial in 2002 and its ultimate FDA approval in 2010 for metastatic breast cancer
patients who have previously received at two lines of chemotherapy for advanced disease
and have been treated with anthracycline and a taxane in either the adjuvant or metastatic
setting (Jain and VVahdat 2011).

In the clinical setting, there have been reports of eribulin being associated with a relatively
low incidence of neuropathy as compared to paclitaxel and ixabepilone, especially the more
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severe grades (Jain and Vahdat 2011; Swami et al. 2012; Vahdat et al. 2009). In support of
this, we also showed that eribulin mesylate had a lesser tendency to induce nerve conduction
deficits in naive mice than did paclitaxel or ixabepilone (Wozniak et al. 2011).

Neuropathy from a chemotherapy treatment can be serious, cumulative and long-lasting and
is often the dose-limiting toxicity that forces patients to lower doses of chemotherapy drugs
or even discontinue further treatment, with possible long-term effects on patient survival.
This is further confounded because patients can often receive multiple regimens consisting
of different chemotherapies. In an attempt to replicate this situation preclinically, we
describe a novel model utilizing two consecutive chemotherapy regimens administered to
mice. Initially, we induced a paclitaxel neuropathy, as evidenced by significant and
maintained reduction in caudal nerve conduction and amplitude measures. Thereafter, a
second chemotherapy regimen was dosed consisting of further paclitaxel or eribulin
mesylate, after which caudal nerve conduction velocity (NCV) and amplitude were
monitored and compared. We report that a second chemotherapy regimen of eribulin
mesylate produced less neuropathy (as assessed by nerve conduction and amplitude
changes) than did paclitaxel in mice with a residual paclitaxel-induced neuropathy. This may
have implications for the clinical setting.

Drugs and Formulations

Animals

Eribulin mesylate (synthesized at Eisai Research Institute and stored at =80 °C in the dark)
was dissolved in 100 % anhydrous DMSO (Sigma-Aldrich, St. Louis, MO) to produce a 10
mg/ml stock solution, which was separated into aliquots and stored at —80 °C until day of
administration. Each administration day the stock solution was thawed and diluted with
saline to a final concentration of 0.25 mg/mL in 2.5 % DMS0/97.5 % saline yielding dosing
solutions in a 10 mL/kg volume.

Paclitaxel, purchased from LC Laboratories, Woburn, MA and stored at —20 °C, in the dark,
was dissolved in ethanol (100 %) at 10 % of final volume. An equal volume of cremophor
(10 % of final volume) was then added and the mixture re-vortexed for about 10 min.
Immediately prior to injection, ice cold saline was added to final volume (as 80 % of final),
and the solution was maintained on ice during dosing. Dosing solutions were made fresh
daily and dosed in a volume of 10 mL/kg.

Female BALB/c mice (approximately 7-8 weeks old at onset of dosing) were obtained from
Harlan Laboratories Inc. (Indianapolis, IN) and maintained with free access to water and a
standardized synthetic diet (Harlan Teklab). Animal housing and procedure room
temperature and humidity were maintained at 20 + 2 °C and 55 + 10 %, respectively.
Artificial lighting provided a 12 h light/12 h dark cycle (light 7 a.m.—=7 p.m.).

All experimental protocols were approved by the Institutional Animal Care and Use
Committee of Sobran Inc and adhered to all of the applicable institutional and governmental
guidelines for the humane treatment of laboratory animals.
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Nerve Conduction Velocity and Amplitude Measurement

Baseline NCV was measured 1 week prior to initiation of dosing in all mice. Mice were
anesthetized with 2 % iso-flurane (by inhalation, for induction and maintenance) and placed
on a heating pad with rectal temperature monitored and maintained between 37.0 and 40.0
°C. Platinum sub-dermal needle electrodes (Grass Technologies, West Warwick, RI) were
used. Each nerve segment stimulation was repeated a total of at least 3 times, up to a
maximum of 6 times, with increasing voltage until the maximal response had been achieved,
using AcgKnowledge software, version 3.7.3 (BIOPAC Systems Inc.). Mice were assigned
into a vehicle (10 mice) or paclitaxel treatment group (20 mice). Paclitaxel was administered
on a Q2Dx3 for 2 weeks schedule at what was earlier determined to be 0.75 MTD (Wozniak
et al. 2011). After completion of this treatment, mice were again tested for nerve conduction
(24 h after last dosing, Week 2) and left for 2 weeks before retesting (Week 4). At this time,
mice having received initial paclitaxel were re-assigned to treatment groups of 10 mice each,
to receive either additional paclitaxel (at 0.5 MTD) or eribulin mesylate (at 0.5 MTD). All
mice were again tested 24 h after the last dosing of this second regimen (Week 6).

A separate group of mice which received a single 0.75 MTD paclitaxel regimen followed by
vehicle only were studied for 10 weeks.

Differences in measurements across groups were determined by direct statistical
comparisons (ANOVA, followed by Tukey’s post hoc comparisons; using Prism Graphpad
Software, Version: 4.03). Statistical significance was defined as p < 0.05.

Sciatic Nerve Histology

Results

Immediately after recording of final nerve conduction parameters, five randomly selected
mice from each group were chosen for nerve morphological analysis. Mice were deeply
anesthetized with 10 % chloral hydrate and euthanized by transcardial perfusion with 1x
PBS followed by 2 % paraformaldehyde in 0.1 mM phosphate buffer, pH 7.4, for 10-15
min. Sciatic nerves were dissected out at mid-thigh level and postfixed in osmium tetroxide
and embedded in Epon. Cross-sections, 1 pm thickness, were stained with toluidine blue and
examined under light microscopy. Images covering the whole cross-section stained for each
nerve were taken at 40x and tiled. Total degenerating profiles of myelinated axons were
counted in tiled montages of each nerve (n = 3-5 per treatment).

Paclitaxel at 0.75 MTD Causes Neuropathy in Mice

Paclitaxel administered at 0.75 MTD (22.5 mg/kg) on a Q2Dx3 for 2 weeks regimen
produced a significant deficit in caudal NCV and amplitude [17.4 +1.4and 179+ 25 %
deficit in NCV and 50.2 £+ 4.2 and 44.2 + 5.8 % deficit in amplitude for groups 1 and 2,
respectively, compared to vehicle administration (a 2.3 + 1.2 % deficit); Fig. 1, week 2 vs.
baseline]. This effect persisted for 2 weeks after dosing, as evidenced by maintained NCV
and amplitude deficits at week 4 (19.6 £1.9and 17.9+2.7and 73.9+ 2.1 and 65.9 + 5.4 %
vs. baseline for groups 1 and 2, respectively. Figure 1, week 4).
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Additional 0.5 MTD Paclitaxel, but not Eribulin Mesylate, Causes Further Deleterious
Effects When Dosed in Mice with Preexisting Neuropathy

Additional 0.5 MTD paclitaxel given to animals with preexisting neuropathy induced further
adverse effects, as indicated by additional deficits in NCV and amplitude of 9.5 + 2.1 and
54.0 + 5 % respectively, (p < 0.01; Fig. 1, week 6 vs. week 4).

In contrast, eribulin mesylate at 0.5 MTD given to mice with preexisting neuropathy caused
no additional significant deficits in caudal NCV or caudal amplitude (p > 0.05; Figs. 1, week
6 vs. week 4). At 6 weeks, the deficit in conduction velocity caused by additional paclitaxel
in paclitaxel pretreated mice was significantly more severe than that induced by additional
eribulin (p < 0.05) in mice with a preexisting paclitaxel neuropathy. Similar findings,
although not significant, were apparent for amplitude (Fig. 1, week 6).

Paclitaxel at 0.75 MTD Induces NCV Deficits Which are Reversible, While Amplitude
Deficits are Maintained

To ensure that the week 6 and 10 deficits in NCV and amplitude observed were impacted by
the second chemotherapy regimen and not just a consequence of the initial paclitaxel
treatment, a separate study was conducted in which animals were treated with 0.75 MTD
paclitaxel regimen followed by a second regimen of vehicle. In these mice, the NCV deficits
seen at week 4 completely recovered by week 6 (Fig. 2a). However, the amplitude deficit
seen at 4 weeks stayed constant through week 10 (Fig. 2b). These data suggest that the
amplitude deficits induced by the initial paclitaxel regimen are long-lasting and may have
partially impacted the recordings at week 6 obtained in mice receiving the dual
chemotherapy regimens.

Paclitaxel and Eribulin Mesylate Cause Similar Morphological Changes When
Administered to Mice with Preexisting Neuropathy

We previously showed that paclitaxel causes degeneration of myelinated axons in the sciatic
nerve (Wozniak et al. 2011). To compare the effect of paclitaxel and eribulin in mice with
preexisting neuropathy, we examined signs of degeneration in the sciatic nerves. When a
myelinated axon degenerates, the axoplasm disintegrates quickly, within the first 48 h, and
the myelin sheath breakdowns to smaller segments termed “ovoids” (Griffin et al. 1993),
thus leaving behind a “footprint” of a degenerated axon. In 1 um nerve cross-sections, these
degenerated axons are interspersed with intact axons in nerves treated with a single regimen
of paclitaxel (Wozniak et al. 2011). In this report, we counted the profiles of myelin ovoids
in whole cross-sectional areas of the sciatic nerves to determine whether a second treatment
of paclitaxel or eribulin mesylate exacerbates nerve degeneration. The number of
degenerated profiles was not statistically different between paclitaxel and eribulin mesylate
treated mice with preexisting neuropathy (Fig. 3).

Discussion

Taxanes are among the most effective and commonly used antineoplastic drugs for solid
tumor treatment, but their use is limited by peripheral neurotoxicity (Guastalla and Dieras
2003; Kuroi and Shimozuma 2004). The exact mechanism of the neurotoxicity is unknown

Neurotox Res. Author manuscript; available in PMC 2014 June 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wozniak et al.

Page 6

(Hagiwara and Sunada 2004) and to date there are no acceptable therapies that prevent or
minimize the nerve damage (Gordon et al. 1997; Rowinsky et al. 1993b; Wasserheit et al.
1996). Paclitaxel is known to cause decreased nerve conduction velocities in sensory nerves
(Lipton et al. 1989) and elevations in vibratory and thermal thresholds (Wiernik et al. 1987),
suggesting axonal degeneration and demyelination in the sensory nervous system with
effects appearing to be dose and schedule dependent (Mimura et al. 2000). Previous models
of paclitaxel-induced neuropathy in rodents have also demonstrated sensory neuropathy
(Apfel et al. 1991; Cavaletti et al. 1997; Cliffer et al. 1998). The use of animal models is a
well-established method for investigating various aspects of chemotherapy-induced
neuropathy (Cavaletti et al. 1995b; Cliffer et al. 1998; Pisano et al. 2003; Schmidt et al.
1995; Wang et al. 2004). We previously implemented a model to compare the neuropathy-
inducing propensities of three microtubule-targeting chemotherapies, paclitaxel,
ixabepilone, and eribulin mesylate, each administered on a similar schedule (Q2Dx3 for 2
weeks) using an MTD basis (Wozniak et al. 2011). Ixabepilone and paclitaxel were found to
produce significant deficits in conduction parameters of caudal and digital nerves at 0.5
MTD doses and above. In contrast, eribulin mesylate induced no deficits in any monitored
nerve conduction parameter at any dose tested, including MTD (1.75 mg/kg). Similarly,
although all compounds produced morphological changes in dorsal root ganglion (DRG) and
sciatic nerves at MTD, the changes induced by eribulin mesylate were noticeably fewer and
less severe than those seen with paclitaxel or ixabepilone at their respective MTDs. The
reason for this difference is unclear although differences in microtubule-binding properties
may have significant effects on the toxicity profile of each agent (Authier et al. 2009; Perez
2009). This possibility is currently under further investigation.

In the current investigation, we extended our initial studies to investigate the effects of an
additional chemotherapy regimen in mice with a preexisting paclitaxel-induced neuropathy.
To our knowledge, this is the first preclinical study undertaking this complex and fairly
common clinical scenario. We report that eribulin mesylate had minimal deleterious effects
on caudal nerve conduction in mice with preexisting paclitaxel neuropathy, whereas a
second regimen of paclitaxel caused additional nerve conduction and amplitude deficits.
Despite the functional differences seen in the two experimental groups, there were no
apparent morphology differences. When paclitaxel and eribulin were dosed to animals with
preexisting paclitaxel neuropathy, both groups showed similar numbers of degenerating
fibers and unmyelinated axons. This could be because the initial paclitaxel regimen that was
common to both treatment groups produced permanent or long-lasting changes which
persisted through the second chemotherapy regimen. This is supported by the evidence of
persistent amplitude changes following the single 0.75 MTD paclitaxel regimen, determined
in a separate group of mice.

It is also possible that eribulin causes similar neuropathy, but with a slower development
than does additional paclitaxel in mice with preexisting neuropathy. In order to ascertain
this, the neuropathy needs to be followed out for a longer period of time.

Clinically, the scenario of a chemotherapy regimen being administered to patients with a
residual neuropathy induced by an earlier regimen is relatively common. If our preclinical
findings in mice translate into the human arena, we predict that a patient treated with
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paclitaxel may suffer less additional or slower onset, neuropathy-related side effects if
treated with a subsequent regimen of the anti-neoplastic eribulin, as opposed to paclitaxel.
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Fig. 1.
Effect of two chemotherapy regimens on mouse caudal nerve conduction velocity (a) and

amplitude (b). Paclitaxel (0.75 MTD) administered to mice on a Q2Dx3 for 2 weeks
regimen produced a significant decrease in caudal velocity and amplitude (Week 2). This
effect persisted throughout an additional 2 week period, despite no additional dosing (Week
4). Thereafter, mice were treated with additional paclitaxel or eribulin mesylate, each
administered at 0.5 MTD. Paclitaxel induced additional deficits in nerve conduction velocity
and amplitude, with a significantly greater velocity deficit in the paclitaxel/paclitaxel group
than in the paclitaxel/eribulin group at 6 weeks (p < 0.05), while additional eribulin mesylate
had no significant additional effect (A and B; week 6 vs. week 4)
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Long-term effects of a single paclitaxel regimen on caudal nerve velocity (a) and amplitude

(b). The deficit in conduction velocity induced by a single regimen of paclitaxel (0.75 MTD)
is shown in (&) and appeared recovered by week 6, while the amplitude deficit was
maintained through week 10 (b)
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Fig. 3.
Morphological analysis of mice with preexisting neuropathy (a—e). After perfusion, sciatic

nerves at mid-thigh were harvested, processed for toluidine blue staining, and analyzed for
axonal degeneration. (a—d) show cross-sectioned semi-thin (1 um) plastic sections from
nerve. (@) shows a representative nerve section from mouse receiving veh/veh treatment
showing no axonal degeneration whereas nerve from paclitaxel/vehicle treated mouse show
degeneration of myelinated axons (b). In (c), nerves from mice treated with paclitaxel plus
paclitaxel show more degeneration of myelinated axons, of similar magnitude to that seen in
nerves from mice treated with paclitaxel followed by eribulin (d). (€) shows the actual
quantification numbers of degenerated myelinated axons in the whole cross-sectional area of
the nerves. Values are £ SEM. N = 5 for each treatment, except vehicle/vehicle group, where
n=3
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