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Abstract

Purpose First-in-man study of KOS-1584, a second

generation epothilone.

Methods Patients with advanced solid malignancies

received KOS-1584 every 3 weeks until disease progres-

sion. Using a modified Fibonacci dose escalation scheme,

one patient was enrolled at each dose level until the first

instance of grade 2 toxicity. Thereafter, a standard 3 ? 3

design was utilized.

Results Sixty-six patients in 14 cohorts were dosed from

0.8 to 48 mg/m2. Diarrhea, arthralgias, and encephalopathy

were dose-limiting toxicities (DLTs) at doses C36 mg/m2.

At the recommended phase II dose (RP2D), the most com-

mon adverse effects were peripheral neuropathy (low grade),

fatigue, arthralgias/myalgias, and diarrhea (31, 6%). The

incidence of neutropenia was low. The overall clearance,

volume of distribution, and half-life of KOS-1584 were

11 ± 6.17 L/h/m2, 327 ± 161 L/m2, and 21.9 ± 8.75 h,

respectively. The half-life for the seco-metabolite (KOS-

1891) was 29.6 ± 13.8 h. KOS-1584 exhibited linear

pharmacokinetics. A dose-dependent increase in microtub-

ulin bundle formation was observed at doses C27 mg/m2.

Two patients achieved partial responses and 24 patients had

stable disease (SD).

Conclusions The RP2D of KOS-1584 is 36 mg/m2. The

lack of severe neurologic toxicity, diarrhea, neutropenia,

or hypersensitivity reactions; favorable pharmacokinetic

profile; and early evidence of activity support further

evaluation.

Keywords Epothilone � KOS-1584 � Phase I �
Solid tumors

Introduction

Microtubules play a pivotal role in cell division and are

validated targets for cytotoxic agents. Vinca alkaloids and

taxanes interfere with microtubule function and induce

apoptotic cell death [1–3]. Despite efficacy in a variety of

malignancies, these agents have limitations of multi-drug

resistance (MDR), neutropenia, neurotoxicity, and hyper-

sensitivity reactions [3–6]. The development of second

generation agents has aimed to overcome these problems.

Epothilones, derived from the myxobacterium Soran-

gium cellulosum, are a novel class of microtubule interactive
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agents. Importantly, they do not exhibit cross-resistance

to taxanes (due to poor susceptibility to p-glycoprotein

(P-gp)-mediated drug efflux and high affinity to various b
tubulin isoforms) and have a more favorable side effect

profile [4, 7, 8]. Epothilones in recent development include

ixabepilone, patupilone, sagopilone, and KOS-862 [9–14].

Figure 1 depicts the chemical structures of epothilone

derivatives in recent development. Small chemical varia-

tions result in important differences in terms of suscepti-

bility to P-gp, need for cremophor-based formulation,

pharmacokinetics, toxicity profile, and in vivo anti-tumor

activity [3]. The epoxide group at carbon 12–13 seen with

ixabepilone and patupilone is highly reactive and contrib-

utes to epothilone toxicity. Desoxyepothilone B (epothi-

lone D, KOS-862) was designed with the epoxide reduced

to a double bond in an effort to give this compound

less toxicity. KOS-862 was shown in vivo to have greater

activity compared with ixabepilone and patupilone

[11, 15]. However, phase II trials of KOS-862 have shown

significant neurotoxicity, limiting further development

[16–18].

KOS-1584 [(E)-9,10-didehydroepothilone D] is a sec-

ond generation epothilone specifically designed to have a

longer elimination half-life, larger volume of distribution,

less toxicity, more potency, and higher solubility (negating

cremophor) compared with KOS-862 [3, 18–20]. Modifi-

cations included a reduced double bond at carbon 9–10 and

flattening the 16-member ring [3]. In P-gp-overexpressing

cell lines, KOS-1584 was more potent than paclitaxel. In

paclitaxel-resistant xenografts, anti-tumor activity has been

demonstrated. KOS-1584 is highly bound to plasma pro-

teins (97%). The primary seco-metabolite (KOS-1891) was

inactive in cytotoxicity assays up to 10 lM [18].

We performed this first-in-human, phase I dose escala-

tion study of KOS-1584 in patients with advanced cancers.

Primary objectives included determination of safety, DLTs,

maximum tolerated dose (MTD), and recommended phase

II dose (RP2D). Secondary objectives included evaluation

of pharmacokinetics, pharmacodynamics, and anti-tumor

activity.

Patients and methods

Eligibility criteria

Eligible patients had advanced or metastatic solid tumors

measurable by Response Evaluation Criteria in Solid

Tumors (RECIST, Version 1.0) [21]; Eastern Cooperative

Oncology Group performance status B1; age C18 years;

life expectancy C3 months; and adequate bone marrow

(ANC C1.5 9 109/L, hemoglobin C8.5 g/dL, platelets

C75 9 109/L), renal (Cr \1.5 ULN) and hepatic (AST

B2.5 ULN, total bilirubin B1.5 ULN) function.

Fig. 1 Chemical structures of

selected epothilones in

development. The lactone is the

primary site of metabolic attack

and opening of the ring results

in loss of cytocidal activity. The

synthetic ixabepilone (BMS-

247550, aza-epothilone B) has

oxygen in the ring replaced by a

nitrogen; the resultant lactam is

more resistant to ring opening.

Since the epoxide group is

highly reactive and thought to

contribute to epothilone

toxicity, desoxyepothilone B

(epothilone D, KOS-862) has

the epoxide at carbon 12–13

reduced to a double bond in an

effort to give this compound

less toxicity. The second

generation KOS-1584 makes

only one alteration compared to

KOS-862: an additional reduced

double bond at carbon 9–10,

flattening the 16-member ring
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Exclusion criteria included uncontrolled or hemorrhagic

diarrhea; active peptic ulcer disease; grade C2 neurological

symptoms; hypersensitivity reaction to hydroxypropyl-

b-cyclodextrin, ethanol, or propylene glycol; intracranial

metastasis; pregnancy/lactation; clinically significant car-

diac disease; dementia or altered mental status; and other

conditions interfering with study participation.

All patients gave written informed consent. Approval

was obtained from the institutional review boards at both

institutions.

Dosage, dose escalation, and drug administration

The starting dose was 0.8 mg/m2 (one-sixth the MTD in

dogs) [18] given intravenously over 3 h, every 3 weeks.

Dose escalation followed a modified Fibonacci scheme

[22]. Prophylactic anti-emetics and premedications were

not routinely administered; however, anti-emetics were

allowed at the investigator’s discretion after documented

nausea during a previous infusion. DLT was defined as any

first cycle grade 4 neutropenia for C7 consecutive days or

febrile neutropenia; grade 4 thrombocytopenia or bleeding

episode requiring platelet transfusion; grade C3 nausea

and/or vomiting despite maximal medical intervention; all

other grade C3 non-hematological toxicity; or delay

C4 weeks from the time of scheduled retreatment, if due to

delayed recovery of drug-related toxicity. One patient per

cohort was enrolled until the first instance of grade C2

drug-related toxicity (except nausea, vomiting, fatigue,

anorexia, or alopecia) or upon observation of cumulative

toxicity (meeting the definition of DLT in cycle 2 and

above). Thereafter, a standard 3 ? 3 design was utilized.

Toxicity was graded according to the National Cancer

Institute Common Terminology Criteria for Adverse

Events, v3.0 [23]. Dose reduction by one level was allowed

for patients who experienced DLT. The MTD was defined

as the highest dose at which no more than one of six

patients in the cohort developed DLT. Once the MTD was

defined, an additional 10 patients were enrolled to further

define the RP2D and to characterize toxicity, pharmaco-

kinetics, and pharmacodynamic relationships.

KOS-1584 was supplied by Kosan Biosciences, Inc

(Hayward, CA) and diluted with KOS-1584 diluent

(133 mg/mL hydroxypropyl-b-cyclodextrin in water for

injection) and the appropriate amount of drug was with-

drawn and mixed with saline (0.9% w/v sodium chloride)

to achieve a final concentration of 0.05 or 0.1 mg/mL.

Safety and efficacy assessments

A medical history and physical history with detailed

neurological examination, vital signs, performance status

assessment, and laboratory determinations including

pregnancy test, prothrombin time, activated partial throm-

boplastin time, and urinalysis were obtained at baseline and

at the beginning of each cycle. Complete blood count and

serum chemistries were obtained weekly. Three serial

12-lead electrocardiograms (ECGs) were obtained prior to

and 30 min after treatment during cycles 1 and 2. The QT

interval was determined using automated readings and

corrected for heart rate according to Bazette’s formula

(QTcB) [24]. Fecal occult blood tests (FOBT) were per-

formed at the pretreatment evaluation and on day 3 of the

first two cycles. RECIST response evaluation was per-

formed every two cycles.

Pharmacokinetics

Blood specimens were collected preinfusion, just prior to

the end of infusion, 5 min and 0.5, 1, 2, 3, 5, 8, 10, 24, 48,

and 72 h after the end of infusion during cycles 1 and 2.

Blood was collected into EDTA-containing tubes, placed

on ice, and plasma was separated from whole blood and

stored at -70�C until analysis.

At the MTD level, urine specimens were collected at

baseline and during the intervals of 0–5 and 5–24 h fol-

lowing the start of the infusion of the first two cycles and

stored at 2–8�C. The total volume was recorded, and three

30-mL aliquots from each interval were frozen at -70�C

until analysis. Completeness of the 24-h collection was

determined by a 24-h urinary creatinine. A proprietary

LC/MS/MS method developed by Kosan Biosciences, Inc

was used to identify urinary KOS-1584 and metabolites

over time.

Tubulin polymerization in PBMCs

Blood specimens were collected into heparin-CPT tubes

prior to treatment, at the end of infusion, and 1, 3, and 24 h

following the end of the first two infusions. Peripheral

blood mononuclear cells (PBMCs) were isolated by cen-

trifugation, and red blood cells were removed by brief

hypotonic lysis. PBMC slides were prepared in a cytospin

(Thermo Shandon, Inc., Pittsburgh, PA) and sent to Kosan

Biosciences, Inc. for immunohistochemistry and quantita-

tion of cells exhibiting tubulin bundle formation using a

previously described method [25].

Statistical analysis

Tumor response and safety data were reported by

descriptive statistics. Plasma concentration data were

analyzed by non-compartmental methods [26] using

Kinetica
TM

, Version 4.4.1 (Thermo-Fisher Scientific Cor-

poration, Philadelphia). The ratio of KOS-1891 AUC0–? to

KOS-1584 AUC0–? was used as a measure of the extent of
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metabolism of KOS-1584 to KOS-1891. KOS-1584 and its

metabolites were profiled in the urine. A sigmoidal maxi-

mum effect pharmacodynamic model was fit to describe

the dose–response relationship between plasma concen-

tration of KOS-1584 and percent microtubule bundle for-

mation. The maximum effect (Emax), dose at which 50% of

the maximum is produced (ED50), and steepness factor (c)

were estimated using WinNonlin Version 1.5 (Pharsight,

Cary, North Carolina).

Results

General

Between November 2004 and August 2007, sixty-six

patients were treated across 14 cohorts, at doses ranging

from 0.8 to 48 mg/m2. A total of 49 cycles (median 2,

range 1–8) were given to the 16 patients at 36 mg/m2

(MTD) cohort. Patients received a median of four prior

chemotherapy regimens, including taxanes (62%), plati-

nums (81%), or both (49%). Thirty-one patients (47%) had

baseline grade 1 sensory neuropathy. Patient demographics

and characteristics are listed in Table 1.

Safety and tolerability

Common treatment-related adverse events (AEs) are listed

in Table 2. Six DLTs were observed. The third patient

treated at 36 mg/m2 experienced a DLT of arthralgia, after

which three additional patients were treated at this dose

level without DLT. Two patients were then treated at

48 mg/m2; one developed a DLT of arthralgia and the other

(a patient with extensive stage small cell lung cancer)

developed a DLT of encephalopathy in the setting of

dehydration and hyponatremia. Two of six patients subse-

quently treated at 42 mg/m2 developed DLT of diarrhea.

Therefore, the MTD was defined as 36 mg/m2, and the

cohort was expanded with an additional ten patients trea-

ted, one of whom developed a grade 3 diarrhea. At dose

level 6.5 mg/m2, one patient had G3 dyspnea, occurring in

cycle 2 and was not considered DLT. Another patient died

of streptococcus pneumonia and sepsis, and although this

was subsequently felt not to be related to drug, the cohort

was expanded to 6 patients to further explore toxicity at

this dose level.

Most AEs, including sensory neuropathy, were generally

low grade and transient. Sensory neuropathy occurred more

frequently at doses C20 mg/m2 with onset during the first

two cycles. Patients who developed either new or worse

grade neuropathy generally had symptom resolution or

return to baseline shortly after drug discontinuation. Sim-

ilarly, diarrhea and arthralgia had early onset, were not

cumulative, and were managed effectively with anti-diar-

rheal and anti-inflammatory agents, respectively. Five

patients had positive FOBT or hematochezia. There were

no cases of bowel perforation, necrosis, or significant GI

bleeding. Additional grade 3 toxicities not listed in Table 2

occurred at doses generally higher than RP2D and included

dehydration (42 mg/m2), hypocalcemia (42 mg/m2),

hypoalbuminemia (27 mg/m2), tremor (42 mg/m2), hypo-

tension (42 mg/m2), encephalopathy (48 mg/m2), and

painful respiration (36 mg/m2). One episode of grade 3

small bowel obstruction was observed during the second

week of cycle 1 in a patient with metastatic non-small cell

lung cancer treated at the 42 mg/m2 dose level, after

Table 1 Patient characteristics

Characteristics No. of patients

No. of patients N = 66

Age (years)

Median 60

Range 33–84

Gender

Male 30

Female 36

Race

Caucasian 43

African American 15

Other 8

ECOG PS

0 18

1 48

Primary diagnosis

Lung 16

Ovary/uterine 16

Colorectal 7

Breast 4

Esophagus/stomach 4

Melanoma 3

Pancreas 3

Unknown primary 1

Liver 1

Prostate 1

Kidney 1

Sarcoma 1

Other 8

Prior chemotherapy regimens

Median 4

Range 0–14

Prior taxane therapy

Yes 41 (62%)

No 25 (38%)
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having been treated with loperamide for grade 3 diarrhea in

the first week. Comparisons of baseline or pre- and post-

infusion ECGs did not show any effects of KOS-1584 on

QTcB interval.

Five patients discontinued therapy due to adverse effects

from KOS-1584: one patient each at 27 mg/m2 (grade 1

nausea, vomiting, and neuropathy), 36 mg/m2 (grade 2

neuropathic pain), and 48 mg/m2 (encephalopathy); and

two patients at 42 mg/m2 (grade 2 neuropathy; fatigue and

grade 3 neuropathy). Two patients died within 4 weeks of

receiving study drug: one at 6.5 mg/m2 due to strepto-

coccal pneumonia with septicemia occurring on day 3 of

the first cycle, and one at 20 mg/m2 due to complications

from a malignant pleural effusion.

Pharmacokinetics

Concentration–time profiles of KOS-1584 were available

for all 66 patients treated. KOS-1584 concentrations

reached a maximum at the end of the infusion and declined

biexponentially. Plasma profiles for the seco-metabolite,

KOS-1891, demonstrated much lower concentrations but

were similar in shape for cohorts dosed at 6.5 mg/m2 and

higher.

Table 3 summarizes the PK parameters of KOS-1584

and KOS-1891 for cycle 1. The mean overall clearance,

volume of distribution, and half-life of KOS-1584 were

11.0 ± 6.17 L/h/m2, 327 ± 161 L/m2, and 21.9 ± 8.75 h,

respectively. The half-life for KOS-1891 was 29.6 ±

13.8 h, and the KOS-1891/KOS-1584 AUC ratio was

9.43 ± 4.86%. There appears to be no dose dependency in

clearance values, consistent with linear kinetics.

Urinary excretion of unchanged KOS-1584 represented

\10% of drug-related materials. In addition to KOS-1891,

three glucuronide metabolites and seven oxidative metab-

olites were excreted in urine, suggesting metabolism of

KOS-1584 by multiple pathways.

Pharmacodynamics

The degree of microtubulin bundle formation (MBF) was

assessed as a surrogate marker of binding of KOS-1584

to tubulin in PBMCs. For all cohorts, the percentage of

PBMCs with microtubule bundles increased to a maximum

at the end of drug infusion and then decreased by 24 h after

drug infusion (Fig. 2a). A dose-dependent increase in MBF

was observed with a plateau of maximal effect between 50

and 60% at the 3–4 highest dose levels (27–48 mg/m2).

The pattern of MBF was similar across cycles 1 and 2.

Figure 2b describes the relationship between the per-

centage of PBMCs with MBF and KOS-1584 concentration

in plasma. A sigmoidal maximum effect pharmacody-

namic model (R2 = 0.943) fits this relationship with anT
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EC50 = 24.1 ng/mL, Emax = 52.7%, slope = 1.10, and

E0 = 3.69%.

Anti-tumor activity

Two patients experienced objective partial responses

(PR). The first patient, treated at the 6.5 mg/m2 dose

level, had advanced ovarian cancer and was heavily pre-

treated with 6 prior regimens including paclitaxel and

docetaxel. She had PR (-31%) of target retroperitoneal

lymph nodes; however, a confirmatory scan was not

performed. The second patient, treated at the 36 mg/m2

dose level, had metastatic pancreatic cancer that was

previously treated with four chemotherapy regimens

including paclitaxel. He had confirmed PR, determined by

CR of his target retroperitoneal lymphadenopathy, and SD

of non-target, subcentimeter pulmonary nodules and hilar

lymphadenopathy. Stable disease (SD) was observed in 24

patients, 13 of whom had durable SD of C3 months.

Among these 24 patients with SD, the median number of

prior regimens was 4.5 and the best response to their most

recent previous therapy included progressive disease (PD)

in 15, SD in 5, PR in 1, and not evaluable/data not

available in 3 patients.

Discussion

Epothilones are microtubule-active agents with potential to

overcome the issues of MDR, myelosuppression, neuro-

toxicity, and hypersensitivity reactions associated with the

currently available agents. Ixabepilone, currently the only

FDA-approved epothilone, has DLTs of neutropenia, neu-

ropathy, and abdominal pain/nausea [9, 10, 27–29]. It is

formulated with a cremophor base; therefore, similar to

taxanes, hypersensitivity has been observed and premedi-

cation is required. Other epothilones currently under

investigation include patupilone, which has DLTs of diar-

rhea, peripheral neuropathy, and fatigue [11, 12, 30, 31],

and sagopilone, with DLTs of peripheral neuropathy,

infection, hyponatremia, diarrhea, and central ataxia [11,

13, 14]. KOS-1584, specifically designed to have more

favorable pharmacokinetics and less toxicity compared

with first-generation epothilone D derivatives, has dem-

onstrated activity in paclitaxel-resistant xenografts and in

cell lines with MDR due to overexpression of P-gp.

In this first-in-man, phase I dose escalation study, we

evaluated the safety, tolerability, and biologic activity of

KOS-1584. The MTD and RP2D are 36 mg/m2 each. We

treated patients on 14 cohorts and saw a 45-fold difference

between the starting dose and RP2D, illustrating the short-

comings of dose translation from animal to human studies

as previously documented by others [32–34]. Observed

DLTs included diarrhea, arthralgias, and encephalopathy.

In contrast to a paralleled conducted study of KOS-1584,

given on two weekly dosing schedules where diarrhea was

increasingly more severe after successive infusions despite

maximal supportive care [35], diarrhea was managed

effectively with loperamide or diphenoxylate/atropine in

our trial. Arthralgias also were effectively treated and

subsequently prevented, with anti-inflammatory agents or

corticosteroids.

It is unclear at this point whether the DLT of

encephalopathy was related to drug penetration into the

blood–brain barrier (BBB). Evaluation of penetration of

KOS-1584 across the intact BBB has not been evaluated in

humans. However, in tissue distribution studies performed

in mice, KOS-1584 did penetrate the BBB [18]. Continued

vigilance for central nervous system toxicity will be

required in future studies of this drug.
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Fig. 2 Degree of microtubule bundle formation. a Dose-dependent

effects of KOS-1584 on median microtubule bundle formation in

PBMCs following a 3-h infusion of KOS-1584 (0.8–48 mg/m2) on

day 1. b Percent microtubulin bundle formation as a function of KOS-

1584 plasma concentration. Closed circles represent observed values;

the solid line represents the model fit
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Peripheral neuropathy was common, although grade C3

peripheral neuropathy occurred only at the two highest dose

levels (above the MTD). This observation was very

encouraging given that most of our patients were previously

treated with taxanes and/or platinums, and many had grade

1 neuropathy at study entry. Generally, new or worsening

neuropathy occurred during the first two cycles, persisted at

the same severity, and resolved upon drug discontinuation.

At the RP2D, the frequency of all-grade and grade C3

peripheral neuropathy was 69 and 0%, respectively.

Peripheral neuropathy is also a common adverse effect of

ixabepilone [36] and was a DLT for sagopilone [13] and

patupilone [12, 31]. KOS-1584 was not associated with any

hypersensitivity reactions and had a very low incidence of

myelosuppression, even among this group of heavily

pretreated patients. KOS-1584 exhibited linear pharmaco-

kinetics, with no accumulation of KOS-1584 or its seco-

metabolite. As KOS-1584 is a potent inhibitor of CYP3A4/

5 in vitro, potential interactions with CYP3A4/5 substrates

should be evaluated in future trials [18]. There were no

discernable differences in the pharmacokinetics of KOS-

1584 in patients who experienced grade C3 drug-related

toxicities compared to those who did not.

Similar to ixabepilone, a dose-dependent increase in

PBMC MBF was observed. At the RP2D, the mean per-

centages of MBF were 50 and 26% at 1 h and 24 h after

infusion, respectively. Ixabepilone at the RP2D of 40 mg/m2

(using this same assay) demonstrated mean MBF of 63%

and 16–23% (n = 27) at 1 h and 24 h after infusion,

respectively [10, 25]. An association between the maximal

percentage of PBMC MBF and severity of neutropenia

has been previously reported with ixabepilone [10, 37]. In

contrast, we did not observe any correlation between the

maximal MBF of KOS-1584 and any grade neutropenia or

grade C3 toxicity.

The disease control rate (CR ? PR ? SD) was 39%.

MBF was not an accurate predictor of clinical benefit among

evaluable patients; however, the effects of KOS-1584 on

this target were not measured in pre- and post-exposure

tumor samples.

The RP2D of KOS-1584 is 36 mg/m2 administered

intravenously every 3 weeks. The lack of prohibitive

severe neurologic toxicity, neutropenia, or hypersensitivity

reactions; favorable pharmacokinetic profile; and early

evidence of activity support further evaluation.
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