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Summary Background This phase 1b study evaluated an
enteric-coated tablet (ECT) formulation of the investigational
Aurora A kinase inhibitor, alisertib (MLN8237). Methods
Patients with advanced, non-hematologic malignancies re-
ceived oral alisertib ECT for 7 d BID followed by 14 d
treatment-free (21-day cycles; 3+3 dose escalation schema).
Objectives were to assess safety, pharmacokinetics, and anti-
tumor activity, and to define a recommended phase 2 dose
(RP2D) of alisertib. Results 24 patients were treated. Median
age was 57 years. Patients received a median of 2 cycles
(range 1-12). The RP2D was determined as 50 mg BID for
7 d (21-day cycles). A cycle 1 dose-limiting toxicity of grade 4
febrile neutropenia was observed in 1 of 13 patients at RP2D.
The most common drug-related adverse event (AE) was neu-
tropenia (50 %). At doses >40 mg BID, 7 patients had drug-
related AEs that were serious but largely reversible/
manageable by dose reduction and supportive care, including
3 with febrile neutropenia. Pharmacokinetic data were avail-
able in 24 patients. Following administration of alisertib ECT,
the plasma peak concentration of alisertib was achieved at
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~3 h; systemic exposure increased with increasing dose over
10-60 mg BID. Mean t,, was ~21 h following multiple dos-
ing. Renal clearance was negligible. Nine patients achieved
stable disease (3.98%, 5.59, 1.28%*, 2.56, 5.45*, 3.48, 3.15,
8.31, and 6.93* months; *censored). Conclusions Alisertib
ECT was generally well tolerated in adults with advanced,
non-hematologic malignancies. The RP2D is 50 mg BID for
7 d and is being evaluated in ongoing phase 2 studies.

Keywords Aurora A kinase - Alisertib - MLN8237 -
Pharmacokinetics - Pharmacodynamics

Introduction

The Aurora kinases (A, B, and C) belong to a family of
oncogenic serine/threonine kinases that play a key role in
proper mitotic execution [1]. Aurora A kinase (AAK), the
most well-characterized member of the family, is essential
for centrosome function and maturation, spindle assembly,
chromosome segregation, and mitotic entry [2—4]. Inhibition
of AAK by specific small molecule inhibitors or knockdown
of AAK by small RNA interference causes abnormal spindle
formation, mitotic defects, senescence, and cell death [4-6].
AAK has been implicated in oncogenesis [7] and correlates
with more histologically aggressive forms of cancer [8, 9].
Indeed, over-expression or amplification of AAK and/or anti-
tumor activity of AAK inhibitors have been observed in a
variety of tumor types including head and neck cancer [10],
non-small cell lung cancer (NSCLC) [11], small cell lung
cancer (SCLC) [12], breast cancer [13], upper gastrointestinal
cancer (including lower esophageal, gastroesophageal junc-
tion, gastric cardia, and distal gastric) [14], and esophageal
cancer [15, 16], suggesting that these tumor types may be
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likely to respond to AAK inhibition as a clinical therapeutic
strategy.

Alisertib (MLN8237) is an investigational, oral, and selec-
tive inhibitor of AAK [17]. In preclinical studies using xeno-
graft models, alisertib demonstrated potent AAK inhibition
and high antitumor activity in a wide range of tumor cell types
[8, 17-19]. Subsequent phase 1 studies have shown that the
pharmacodynamic effects of alisertib are consistent with AAK
inhibition with 7-day exposure to alisertib resulting in abnor-
mal spindle formation and chromosomal aberrations [19, 20].

Recent clinical studies in patients with solid tumors have
shown that up to 3 years of cyclic alisertib was feasible in
patients who experienced objective responses or prolonged
disease control and that repeat cycles were generally tolerable
given conventional outpatient monitoring [21-23]. These ear-
ly clinical studies used a buffered powder-in-capsule (PIC)
formulation of alisertib on the basis of preclinical evaluations
which identified a reduced solubility in acidic solution. An
enteric-coated tablet (ECT) formulation was subsequently
developed to bypass stomach acid and support absorption in
the small intestine. In a relative bioavailability analysis of
phase 1 data, the ECT formulation was shown to have gener-
ally similar systemic exposures to the PIC formulation [24]
and is the preferred formulation for future clinical develop-
ment. Here we report data from a phase 1b study of alisertib
ECT, which assessed the safety, pharmacokinetics (PK), and
antitumor activity in adults with non-hematologic malignan-
cies (ClinicalTrials.gov identifier: NCT01045421).

Patients and methods

This open-label phase 1b study of the ECT formulation of
alisertib in patients with non-hematologic malignancies was
conducted at two centers: the University of Texas M.D. An-
derson Cancer Center and the University of Utah Huntsman
Cancer Institute. The study was carried out in accordance with
the principles stated in the Declaration of Helsinki and Good
Clinical Practice. Institutional Review Boards provided ap-
proval of the study, and all patients provided written informed
consent. The primary phase 1 objective was to assess the
safety and tolerability of alisertib ECT in a 7-day dosing
schedule and to define a recommended phase 2 dose
(RP2D). The secondary objectives were to characterize the
PK of alisertib ECT administered in a seven-day schedule and
to describe antitumor activity.

Patients
Patients with advanced, unresectable, non-hematologic malig-
nancy were eligible for inclusion. Study participants were

required to be at least 18 years of age and have an Eastern
Cooperative Oncology Group performance status (ECOG PS)
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of 0 or 1, as well as adequate hematologic, renal, and hepatic
function, defined as: total bilirubin <1.5 % upper limit of
normal (ULN); aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) <3 x ULN (elevations <5 x ULN
permitted if reasonably ascribed to underlying cancer or liver
metastases); creatinine clearance >30 mL/min (Cockcroft-
Gault); absolute neutrophil count (ANC) >1,500/mm?’ without
growth factor support; platelet count >75,000/mm> without
transfusion requirement. Exclusion criteria included: an in-
ability to swallow oral medication; receipt of more than two
previous cytotoxic regimens (four for breast cancer) in the
setting of metastatic or recurrent disease; prior treatment with
AAK targeted agents (including alisertib); systemic anticancer
treatment within 21 d preceding the first dose of alisertib; prior
high-dose chemotherapy, allogeneic bone marrow or other
organ transplantation, or radiotherapy to >25 % of the bone
marrow; symptomatic brain metastases; and diagnosis of an-
other malignancy within 2 years before the first dose of
alisertib.

Study design

Patients received oral alisertib (provided by Takeda Pharma-
ceuticals International Co.) ECT for 7 d followed by a 14-day
treatment-free period in 21-day cycles. Doses were escalated
across 5 cohorts (10, 20, 40, 50, and 60 mg twice a day [BID])
following a standard 3+3 dose escalation design until the
maximum tolerated dose (MTD) was reached, at which point
the MTD dose level was expanded to 12 patients (the starting
dose of alisertib in the initial patient cohort was taken with
240 mL water after a 2-hour fast). An additional cohort at the
MTD of up to 12 patients with pancreatic cancer was also
planned. Initially, 1 patient was enrolled to the first cohort and,
in the absence of grade 2 or higher toxicity, the second cohort
was opened with 3 patients. The MTD was defined as the
highest dose at which dose-limiting toxicity (DLT) occurred in
less than 2 of 6 patients during the first cycle. DLTs were
defined according to the National Cancer Institute - Common
Terminology Criteria for Adverse Events (NCI-CTCAE) ver-
sion 4.0 [25] as any of the following events considered by the
investigator to be related to alisertib: grade 4 neutropenia
lasting longer than 7 consecutive days or with coincident
fever; grade 4 thrombocytopenia lasting longer than 7 d, grade
3 thrombocytopenia with clinically significant bleeding, or
platelet count less than 10,000/mm’ at any time; a delay of
more than 7 d in the initiation of a subsequent cycle due to
treatment-related toxicity; any grade 3 or higher non-
hematologic toxicity, except grade 3 or higher nausea/emesis
in the absence of optimal anti-emetic therapy, grade 3 or
higher diarrhea in the absence of loperamide, grade 3 or higher
fatigue lasting less than 1 week; or other grade 3 or higher
non-hematologic toxicity that could be controlled to grade 2 or
less with appropriate treatment. Treatment was continued until
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disease progression or unacceptable treatment-related toxicity.
Use of myeloid growth factors was permitted from screening
according to the ASCO 2006 guidelines.

Assessments

Adverse events (AEs) and serious AEs (SAEs) were graded
according to NCI-CTCAE version 4.0 in all patients who
received at least one dose of study drug. Safety was assessed
with clinical and laboratory evaluation, ECGs, and vital sign
measurements. Clinical tumor responses were based on inves-
tigator assessments taken every 6 weeks according to Re-
sponse Evaluation Criteria in Solid Tumors (RECIST) version
1.1. [26] The response-evaluable population included all pa-
tients with measurable disease who received at least 1 dose of
alisertib and had at least 1 response assessment.

Pharmacokinetics

PK parameters were calculated by non-compartmental analy-
sis using a validated liquid chromatography tandem mass
spectrometry (LC-MS/MS) method.

In cycle 1, blood samples (3 mL) for PK analyses were
drawn within 1 hour prior to the morning dose of alisertib, and
at 0.5, 1, 2, 3, 4, 6, 8, and 12 h post-dose on days 1 and 7.
Additional samples were collected in the morning of days 8, 9,
10, 11, and 13 at 12, 36, 60, 84, and 132 h, respectively, after
the day 7 afternoon dose of alisertib. In cycle 2, a single blood
sample for PK analysis was collected on day 8 to contribute to
alisertib population PK analysis, which will be reported
separately.

Urine samples for PK analysis were collected from patients
who were treated with the 40 mg BID dose level or higher.
The urine PK time points included pre-dose on day 1 and
during the 0—12 h post-dose interval following the morning
dose on day 7.

Results
Patients

A total of 24 patients were treated, at doses of 10 (n=1), 20
(n=3), 40 (n=4), 50 (n=13), or 60 mg (n=3) BID. Patient
demographics are shown in Table 1. The data cut off for this
analysis was December 2011. The median age of patients was
57 years (range 34-81), and 63 % were male. Although an
expansion cohort of up to 12 pancreatic cancer patients was
planned, only 1 patient was recruited who met eligibility
requirements, leading to closure of the cohort due to inade-
quate enrollment, and this patient was analyzed as part of the
50 mg BID dose group.
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Table 1 Patient demographics and baseline characteristics
N=24
Median age, years (range) 57 (34-81)
Male, n (%) 15 (63)
ECOG performance status
0 417
1 20 (83)
Race, n (%)
White 18 (75)
Black or African American 3 (13)
Asian 2(8)
Not reported 14)
Tumor types, n (%)
Sarcoma 6 (25)
Colorectal 4(17)
Pancreatic, ovarian, and liver 2 each
SCLC, NSCLC, bladder, gallbladder, and gastric 1 each
Other* 3 (13)

ECOG Eastern Coorperative Oncology Group; NSCLC non-small cell
lung carcinoma; SCLC small-cell lung carcinoma

*Cholangiocarcinoma, n=2; metastatic neuroendocrine, n=1

Safety

Overall, 20 (83 %) patients experienced drug-related AEs
(Table 2), with the most frequent including neutropenia
(50 %), alopecia, diarrhea, leukopenia, nausea, and stomatitis
(42 % each). Ten (42 %) patients had no drug-related AEs
greater than grade 2. Dose reductions were necessary in 5
(21 %) patients for 10 AEs, including neutropenia (3 patients,
13 %), thrombocytopenia (2 patients, 8 %), and febrile neu-
tropenia, diarrhea, vomiting, and lymphopenia (each, 1 patient,
4 %). Irrespective of causal relationship, 7 (29 %) patients
discontinued treatment due to AEs (alisertib dose: 20 mg [n=
1], 50 mg [n=4], 60 mg [n=2]), including confusional state
(drug-related), spinal disorder, spinal cord compression, uri-
nary retention, febrile neutropenia (drug-related), fatigue,
hyperbilirubinemia, hyponatremia, hypophosphatemia, and
progression of pancreatic carcinoma; 1 patient discontinued
due to a combination of anemia, gastrointestinal hemorrhage,
lymphocytopenia, and leukocytopenia.

At 60 mg BID, alisertib-related grade 4 neutropenia oc-
curred in all 3 (100 %) patients, and 2 of these 3 patients
experienced treatment-related SAEs, including febrile neutro-
penia, neutropenia, diarrhea, abdominal pain, anemia, pyrexia,
and pneumonia. The 60 mg BID dose level was poorly toler-
ated, and was therefore considered to be above the MTD. At
the 50 mg BID dose level, 1 of 6 patients experienced a DLT
of grade 4 febrile neutropenia. The MTD and RP2D were
determined to be 50 mg BID % 7 d in a 21-day cycle.
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Table 2 Treatment-related AEs in >10 % (any grade) and >5 % (grade >3) of patients

10 mg BID 20 mg BID 40 mg BID 50 mg BID Pancreatic 50 mg 60 mg BID Total (N=24)
n=1) (n=3) (n=4) n=12) BID (n=1) (n=3) n (%)
All-grade AEs (=10 %), n
Neutropenia - - 1 7 1 3 12 (50)
Alopecia - - - 8 - 2 10 (42)
Diarrhea - - - 9 - 1 10 (42)
Leukopenia - - 1 7 1 1 10 (42)
Nausea 1 1 - 7 - 1 10 (42)
Stomatitis - - 1 6 1 2 10 (42)
Fatigue - - - 7 - 1 8 (33)
Decreased appetite - 1 - 3 - 1 5(21)
Hypersomnia - 1 1 2 - 1 5(21)
Vomiting - - - 5 - - 5(21)
Oral candidiasis - - - 3 - 1 4 (17)
Thrombocytopenia - - - 3 - 1 4(17)
Anemia - - - 2 - 1 3(13)
Febrile neutropenia - - - 1 - 2 3(13)
Memory impairment - 1 - 1 - 1 3(13)
Grade >3 AEs (=5 %), n

Neutropenia - - 1 6 1 3 11 (46)
Leukopenia - - 1 5 1 2 9 (38)
Febrile neutropenia - - - 1 - 2 3(13)
Diarrhea - - - 1 - 1 2 (8)
Fatigue - - - 1 - 1 2 (8)
Nausea - - - 2 - - 2(8)
Stomatitis - - - 1 1 - 2 (8)
Vomiting - - - 2 - - 2 (8)

AEs adverse events; BID twice a day

At the MTD of 50 mg BID, 4 of 13 (31 %) patients
had no drug-related AEs greater than grade 2. The most
frequent grade 3 or higher drug-related AEs were neu-
tropenia (n=7) and leukopenia (n=6). Across all dose
groups, drug-related grade 3 or higher hematologic and
gastrointestinal AEs were reported in 50 % and 25 % of

Table 3 Steady-state (day 7) PK parameters of alisertib enteric-coated tablet

patients, respectively, and events were generally man-
ageable. Eight (33 %) patients reported any grade of
drug-related central nervous system (CNS) AEs, includ-
ing hypersomnia (#=5), memory impairment (n=3), and
dizziness (n=2). Treatment-related fatigue was observed
in 8 (33 %) patients.

Dose (mg BID) 20 (n=3) 40 (n=3) 50 (n=11) 60 (n=2)
Geometric mean C,, 1M (CV %) 1,279 (35) 1,830 (39) 2,907 (49) 3,027
Geometric mean AUC, nM*hr (CV %) 10,184 (24) 13,694 (59) 20,867 (49) 28,709
Median Ty, hr (range) 3 (1-6) 3 (2-6) 2.4 (0-8) 2.8 (2.6-3)
Mean t;,, hr (SD) 16 (1.2) 19 21 (10) 28

Mean peak/trough ratio (SD) 2.1 (0.7) 2.3 (1.4) 2.3(0.8) 1.8

Mean accumulation ratio (SD) 3.0 (1.0) 2.3(0.4) 2.2(0.9) 2.4

A minimum of 2 patients required to present the mean and geometric mean, and at least 3 patients required to show the standard deviation and CV; The

summary statistics for 10 mg cohort is not shown as n=1

AUC area under the curve of the dosing interval; BID twice a day; C,,,, maximum concentration; CV coefficient of variation; PK pharmacokinetic; SD

standard deviation; 7)., time to maximum concentration; ¢;,, half life
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Fig. 1 Mean concentration-time profiles of alisertib administered as ECT following a single (day 1) and b multiple (day 7) oral administration

Seven (29 %) patients had drug-related SAEs (all at doses of
40 mg BID or higher), of whom 4 were in the MTD cohort. In
addition to those experienced at 60 mg BID (detailed above),
other SAEs included: neutropenia, leukopenia, vomiting (each
n=2), febrile neutropenia, nausea, stomatitis, and failure to
thrive (each n=1). At the 50 mg starting dose, 2 patients with
gastrointestinal malignancies died during the first treatment
cycle, but were not considered to be related to alisertib. These
included a patient with pancreatic cancer who died due to
disease progression, and a patient with colorectal cancer who
enrolled with poor prognostic features including stage IV
disease metastatic to multiple sites (lung, liver, lymph nodes),
coupled with elevated lactate dehydrogenase and reduced se-
rum albumin, who died due to acute respiratory distress related
to the colorectal cancer and metastases to the lung.

PKs of alisertib following ECT dosing

Twenty-four patients completed the protocol-specified dosing
and PK assessments for evaluability. Following oral adminis-
tration, alisertib was absorbed with an overall median T, of
3 h (range 0-11). Steady-state (day 7) systemic exposures
increased with increasing doses over the 10-60 mg BID dose
range (Table 3). The overall mean terminal half-life following
multiple dose administration was approximately 21 h, the

Fig. 2 Prolonged disease control
in a patient with pancreatic
neuroendocrine tumor

overall mean peak/trough ratio was 2.2, and the accumulation
ratio was 2.4 following BID dosing. Mean plasma-
concentration time profiles of alisertib following single (day
1) and multiple dose (day 7) are shown in Fig. 1. Geometric
mean steady-state trough concentrations at the RP2D of 50 mg
BID exceeded concentrations associated with saturating levels
of pharmacodynamic (PD) activity in murine xenograft stud-
ies (1 uM) [17].

Urine was collected over 0 to 12 h postdose on day 7 to
permit assessment of alisertib renal clearance in 12 patients
(10 patients received 50 mg BID and 2 patients received
60 mg BID). The renal clearance of alisertib in humans was
less than 0.1 % of the apparent oral clearance.

Antitumor efficacy

Patients received a median of 2 cycles (range 1-12). Sixteen
(67 %) patients were response-evaluable. The remaining eight
(33 %) patients discontinued alisertib before the first post-
baseline response assessment because of toxicity (n=4) or
patient withdrawal (n=4). No responses by RECIST were
observed. Nine patients had stable disease (3.98*, 5.59, 1.28*,
2.56, 5.45*% 3.48, 3.15, 8.31, and 6.93* months; *censored
observations), including 3 patients who received at least 6 cycles
(1 patient with ovarian cancer and 1 patient with colorectal
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cancer, each of whom received 8 cycles, and | patient with
neuroendocrine carcinoma of the pancreas who received 12 cy-
cles), with non-progressive disease durable for up to 8 months.
Criteria for completion of treatment were disease progression in
11 (46 %) patients and symptomatic deterioration in 5 (21 %);
global deterioration of health status requiring discontinuation of
treatment without objective evidence of disease progression).
Four (17 %) patients discontinued due to AEs.

Tumor reduction less than 50 % of longest diameter,
which did not meet RECIST criteria for partial response
was observed in a patient with neuroendocrine carcino-
ma of the pancreas, which was metastatic to the liver,
who received 12 cycles in total (Fig. 2). In this patient,
the starting dose of 50 mg BID was reduced to 40 mg
BID in cycle 6 due to treatment-related grade 4 neutro-
penia, which lasted for 7 d.

Discussion

This phase 1 study assessed the safety and PKs of the AAK
inhibitor, alisertib, administered as an ECT formulation in
patients with non-hematologic malignancies. The RP2D of
the ECT formulation of single-agent alisertib in this patient
population was determined to be 50 mg BID for 7 d followed
by a 14-day rest period in 21-day cycles, similar to the RP2D
determined in previous phase 1 studies of the PIC formulation
of alisertib [21, 22].

Alisertib was generally tolerated in this patient population.
Infrequent CNS AEs included hypersomnia, memory loss,
and dizziness, and were presumed to be possible off-target
effects related to the benzodiazepine structure of alisertib;
these events were generally grades 1-2 in severity and were
manageable and reversible. Neutropenia, febrile neutropenia,
and leukopenia were the only drug-related AEs of grade 3 or
higher reported in more than 2 patients. The most common
non-hematologic AEs of alopecia and gastrointestinal toxic-
ities most likely reflect the AAK inhibitory activity of alisertib
in highly proliferative tissues. The safety profile observed in
our study was largely consistent with previously reported
clinical experience using the PIC formulation of alisertib
[21, 22]. Neutropenia was the most frequent grade 3 or higher
drug-related AE for each formulation across the three studies,
and similar AEs were observed, including alopecia, he-
matological AEs, and gastrointestinal AEs. Similarly, in
a phase 2 study that evaluated the PIC formulation of
alisertib in patients with ovarian cancers [23], the most
frequent drug-related AEs echoed the toxicity findings
presented here for alisertib ECT.

The PK profile of alisertib ECT is also comparable to that
observed in previous dose-escalation studies using the PIC
formulation [21, 22]. Furthermore, in a relative bioavailability
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sub-study comparing the PIC and ECT formulations at 40 mg
BID for 7 d [22, 24], systemic exposures were generally
similar. The estimated relative bioavailability (geometric
mean ratio of steady state alisertib AUC,_.) of the ECT
formulation in reference to the PIC is 90 % (90 % CI: 74.4—
108.8 %; n=14) [24]. Geometric mean steady-state trough
concentrations at the RP2D of alisertib 50 mg BID adminis-
tered as ECT exceeded 1 uM — the concentration associated
with AAK inhibition and antitumor activity in preclinical
xenograft models [27]. Our data support the conclusions from
previous analyses and the transition to ECT in future clinical
studies.

Previous phase 1 and 2 trials have showed that alisertib
treatment was associated with durable disease control [21-23,
27]. In the present phase 1 study, no complete or partial
responses by RECIST were observed. Ongoing phase 2 stud-
ies may yield additional information regarding response rates
and progression-free survival in specific tumor types, as well
as long-term safety information.

In conclusion, in adults with non-hematologic malignan-
cies, the MTD and RP2D for alisertib ECT were determined to
be 50 mg BID x 7 d, followed by a 2-week treatment-free
period in 21-day cycles. This dose and schedule is evaluated
in the phase 2 portion of the study (NCT01045421) in patients
with NSCLC, SCLC, head and neck, gastroesophageal, and
breast cancers. In parallel, additional single agent and combi-
nation studies of alisertib using the ECT formulation are
ongoing in patients with solid tumors and hematologic
malignancies.
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