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Abstract

Purpose: The purpose of this study was to evaluate the rational combination of TORC1/2
inhibitor TAK-228 and Aurora A kinase inhibitor alisertib in preclinical models of triple-negative
breast cancer (TNBC) and to conduct a phase | dose escalation trial in patients with advanced solid
tumors.
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Experimental Design: TNBC cell lines and patient-derived xenograft (PDX) models were
treated with alisertib, TAK-228, or the combination and evaluated for changes in proliferation, cell
cycle, mTOR pathway modulation, and terminal cellular fate, including apoptosis and senescence.
A phase | clinical trial was conducted in patients with advanced solid tumors treated with
escalating doses of alisertib and TAK-228 using a 3+3 design to determine the maximum tolerated
dose (MTD).

Results: The combination of TAK-228 and alisertib resulted in decreased proliferation and cell-
cycle arrest in TNBC cell lines. Treatment of TNBC PDX models resulted in significant tumor
growth inhibition and increased apoptosis with the combination. In the phase | dose escalation
study, 18 patients with refractory solid tumors were enrolled. The MTD was alisertib 30 mg b.i.d.
days 1 to 7 of a 21-day cycle and TAK-228 2 mg daily, continuous dosing. The most common
treatment-related adverse events were neutropenia, fatigue, nausea, rash, mucositis, and alopecia.

Conclusions: The addition of TAK-228 to alisertib potentiates the antitumor activity of alisertib
in vivo, resulting in increased cell death and apoptosis. The combination is tolerable in patients
with advanced solid tumors and should be evaluated further in expansion cohorts with additional
pharmacodynamic assessment.

Introduction

The Aurora kinases are nuclear proteins that play an important role in spindle pole
organization and mitotic progression. The 3 Aurora kinases (Aur A, B, and C) are
distinguished by their locations and specific mitotic functions (1). Overexpression of Aur A
and B correlates with cancer progression in many tumor types (2), and multiple Aurora
kinase inhibitors are in various stages of clinical development (3).

Alisertib is a small-molecule, selective inhibitor of Aur A, which induces Go—M cell-cycle
arrest, induction of apoptosis, and tumor growth inhibition in preclinical models (4-9). In
triple-negative breast cancer (TNBC) models, we previously demonstrated that the induction
of apoptosis in response to alisertib is dependent on p53 and p73 activity, and knockdown of
these proteins leads to a switch in the phenotypic response from apoptosis to cellular
senescence (10). Senescence is a physiologic response to cellular stress, which results in
permanent growth arrest (11, 12). Despite growth arrest observed in senescent cells,
senescence is also associated with secretion of growth factors into the tumor
microenvironment that can stimulate progression of adjacent cancer cells resulting in
chemotherapy resistance (13). In TNBC patient-derived xenograft (PDX) models treated
with alisertib to resistance or demonstrating de novo resistance, an increase in senescent
cells is observed that is accompanied by a decrease in apoptosis (10, 14).

Clinically, alisertib monotherapy has minimal activity in TNBC, with a median progression-
free survival of 1.5 months in 14 TNBC patients treated in a phase |1 trial (15). Mechanisms
of resistance to Aurora A inhibition may be similar to other situations where we observe
treatment-related senescence, such as with adriamycin (16, 17), a drug with known activity
in breast cancer and other malignancies. Studies of alisertib in combination with other
agents to overcome this resistance have shown promise in TNBC, such as the combination
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of alisertib and fulvestrant in women with endocrine-resistant ER* metastatic breast cancer
(18), for which a phase Il clinical trial is ongoing (NCT02860000).

In preclinical TNBC models, enrichment of the mTOR signaling pathway has been linked to
intrinsic and acquired resistance to alisertib (14). Similar findings have been documented in
other tumor types where alisertib treatment leads to upregulation of the PI3K/Akt/mTOR
pathway (4-8, 19, 20). TAK-228 (MLNO0128) is a potent and selective mTOR kinase
inhibitor targeting TORC1 and TORC2, with preclinical activity in a variety of cancers (21—
23). TAK-228 has been investigated in a number of clinical trials including in combination
with exemestane or fulvestrant in patients with metastatic ER*/HER2™ breast cancer where
the combination was found to be tolerable with promising antitumor activity (24, 25). We
selected TAK-228 for combination with alisertib based on broad mTOR pathway blockade
related to its unique TORC1/2 inhibition profile.

The purpose of this study was to investigate the antitumor activity of the combination of
TAK-228 and alisertib in preclinical models of TNBC and to assess the safety, tolerability,
and preliminary efficacy in human patients with advanced solid tumors in a phase | clinical
trial.

Materials and Methods

Cell culture and reagents

Human TNBC cell lines MDA-MB-468, MDA-MB-231, HCC1937, BT-20, and CAL51
were obtained from ATCC and cultured as previously described (26). Cells were passaged
for 6 months or less. Cell lines were authenticated at the Barbara Davis Center Molecular
Biology Service Center (Aurora, CO) and screened for Mycoplasma every 3 months.

TAK-228 was dissolved in 100% DMSO for /in vitro use and prepared in 5% NMP+ 15%
PVP+ 80% HPLC H,0 for use /n vivo. Alisertib was dissolved in 100% DMSO for in vitro
use and prepared in a 1:1 mixture of 2% NaHCO, and 10% hydroxypropyl p—cyclo-dextran
(HPBCD) for use in vivo. TAK-228 and alisertib were kindly provided by the NCI Cancer
Therapy Evaluation Program for preclinical work and by Takeda for the phase I clinical trial.

Cell viability assays

Two cell lines sensitive to alisertib (MDA-MB-468 and MDA-MB-231) and 2 cell lines
resistant to alisertib (HCC1937 and BT-20) were selected for evaluation. Cells were plated in
96-well white-walled plates and incubated overnight. Cells were then exposed to increasing
concentrations of alisertib (25 nmol/L-125 nmol/L) alone and in combination with TAK-228
at 50 nmol/L (sensitive cell lines) or 125 nmol/L (resistant cell lines). Proliferation was
assessed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega) at 96 hours
according to the manufacturer’s instructions. Proliferation was normalized to the no-drug
control and graphed using Prism software (GraphPad).

Immunoblotting analysis

Cells from the alisertib-sensitive MDA-MB-468 TNBC cell line and the alisertib-resistant
HCC1937 cell line were seeded in 6-well plates. Following 24-hour incubation, cells were
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exposed to alisertib 50-100 nmol/L, TAK-228 50-100 nmol/L, or the combination for 24-72
hours. Cells were harvested with trypsin/EDTA and lysed in cell lysis buffer (Cell Signaling
Technology) as described previously (27). Fifty micrograms of protein were electrophoresed
on 4% to 12% Bis-Tris precast gels (Life Technologies) and transferred to a nitrocellulose
membrane using Pierce G2 Fast Blotter (Pierce). Membranes were blocked and then
incubated overnight as previously described (27), with the following primary antibodies at
1:1,000 dilutions: S6RP, pS6RP, 4EBP1, p4EBP1, survivin, and a-tubulin (Cell Signaling
Technology). Blots were washed and incubated with the appropriate secondary goat anti-
rabbit and goat anti-mouse immunoglobulin G (H + L) DyL.ight-conjugated antibodies (Cell
Signaling Technology) followed by additional washes as described previously (27). Blots
were then developed using the Odyssey Infrared Imaging System (LI-COR).

Cell-cycle analysis

Cells were transduced with the FUCCI (fluorescent ubiquitination-based cell-cycle
indicator) system as previously described (28). The FUCCI system consists of 2 fluorescent
polypeptides that are degraded in a cell-cycle—specific manner to distinguish cells in the Gy
phase (labeled with red fluorescent protein) and S/G,—M phase (labeled with a green
fluorescent protein; ref. 29). 7P53wild-type CAL51 cells were selected for use in the cell-
cycle assays as p53 dysfunction has been shown to affect the cell-cycle transition in FUCCI
models (30). CAL51 FUCCI cells were plated and treated with TAK-228 100 nmol/L,
alisertib 100 nmol/L, or the combination. Cell-cycle status according to the FUCCI
biosensor system was assessed at 0 to 96 hours using live-cell microscopy with an
environmentally controlled Olympus 1X81 fluorescence microscope. Relative growth of
CALS51 cells was compared across treatment arms and graphed using Prism software
(GraphPad).

Treatment with TAK-228 and alisertib in TNBC PDX models

PDX models CU_TNBC_004 ( 7P53 E294* mutant) and CU_TNBC_007 ( 7P53 N196K
mutant) were generated as previously described (10, 26, 31). The CU_TNBC_004 model
was previously identified as intrinsically resistant to alisertib (14). Twelve-gauge trocars
were used to inject tumor sections subcutaneously into the bilateral flanks of each mouse.
Tumor measurements and weights were collected twice weekly using digital calipers and
weighing scale and recorded (Studylog Systems). Tumor volumes were calculated using the
following formula: volume — (length x width?) x 0.52. Once tumors reached an average of
150 to 300 mm3, mice were randomized into one of 4 treatment groups: vehicle control,
TAK-228 0.5 mg/kg daily, alisertib 30 mg/kg daily, and TAK-228/alisertib combination. All
treatments were administered by oral gavage (100 pL). Tumor growth curves were plotted
and tumor growth inhibition (TGI = [1 — (average of final treated tumor volume/average of
final vehicle tumor volume)] x 100) was calculated. At the end of the treatment, mice were
euthanized with CO, followed by cervical dislocation and tumor samples were collected.
Animal studies were performed in a facility accredited by the American Association for
Accreditation of Laboratory Animal Care in accordance with NIH guidelines and approved
by the University of Colorado Institutional Animal Care and Use Committee.

Clin Cancer Res. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis et al. Page 5

Senescence-associated p-galactosidase (SA-p-gal) staining

PDX tumor samples were processed using Tissue-Tek optimum cutting temperature (OCT)
compound (Sakura Finetek) and frozen in liquid nitrogen prior to being cut into slides by the
University of Colorado Cancer Center (UCCC) Pathology Core Facility. Slides were fixed
and stained for SA-B-gal activity at pH of 6.0 using the Senescence p-gal Staining Kit (Cell
Signaling Technology), as described previously (14). Hematoxylin and eosin (H&E) staining
was performed on matched slides by the UCCC Pathology Core Facility and reviewed by a
pathologist, confirming the presence of tumor cells. Representative images were acquired
using a Zeiss microscope at 40 x magnification.

IHC analysis

PDX tumor tissue was formalin-fixed and paraffin-embedded (FFPE) by the UCCC
Histology Core Facility. IHC assays were performed on 5-um FFPE tumor sections using the
Ventana XT autostainer (Ventana Medical Systems). Antigen retrieval consisted of
incubation with Ventana’s CC1 antigen retrieval solution for 20 minutes. Primary antibodies
Ki-67 (Thermo Fisher) and cleaved caspase-3 (Cell Signaling Technology) were incubated
with tissue for 1 hour at 37°C, then labeled with biotinylated goat anti-rabbit IgG secondary
antibody (Vector Laboratories) for 32 minutes at room temperature, and detected with
horseradish peroxidase (HRP) DAB Map system (\Ventana) followed by hematoxylin and
bluing reagent counterstain (Ventana). Images were captured at 10 x magnification using the
ScanScope XT whole-slide imaging system (Aperio Technologies).

Immunofluorescence

Slides created from OCT blocks as described above were fixed and locked with 1% BSA
and 1 x PBS for 1 hour at 37°C and subsequently incubated with BAX (Thermo Fisher) and
DR5 (Santa Cruz) primary antibodies. Following PBS wash, slides were incubated with
secondary antibodies AlexaFluor 488 and AlexaFluor 555 (Life Technologies) for 1 hour at
37°C and washed in PBS. Counterstaining with DAPI in 1 x PBS was performed for 5
minutes, followed by PBS wash. Slides were mounted with Fluoromount-G mounting media
(SouthernBiotech) and imaged using the Olympus FV-1000 confocal microscope at 60 x
magnification, as described previously (14).

Phase | clinical trial patient selection

Patients greater than 18 years of age with an incurable solid tumor malignancy, refractory to
standard therapy, were eligible. Eastern Cooperative Oncology Group (ECOG) performance
status 0 or 1; adequate hematologic, hepatic, and renal function; HghAlc <7%; fasting
serum glucose <130 mg/dL and fasting triglycerides <300 mg/dL; and normal cardiac
function were required. Patients with an underlying condition associated with excessive
daytime sleepiness (including uncontrolled sleep apnea), other severe cardiac or pulmonary
disease, or risk of malabsorption of oral medications were excluded.

The protocol was approved by the local institutional review board and conducted in
accordance with the Belmont Report. All patients signed a written consent prior to
enrollment according to federal and institutional guidelines.

Clin Cancer Res. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis et al. Page 6

Study design

The primary objective of the phase I clinical trial was to determine the maximum tolerated
dose (MTD) and dose-limiting toxicity (DLT) of TAK-228 in combination with alisertib.

Eligible patients were treated with the combination of TAK-228 by mouth daily on a
continuous schedule and alisertib by mouth twice daily (b.i.d.) on days 1 to 7 of a 21-day
cycle at escalating doses. During cycle 1 only, a single dose of TAK-228 was administered
between days —7 and -3, and a single dose of alisertib was administered day 1 to allow for
single-agent PK analysis for each drug. Combination treatment was initiated cycle 1 day 2.

The starting dose for TAK-228 was 1 mg, which was 75% lower than the MTD of TAK-228
in combination with exemestane or fulvestrant (24). The starting dose of alisertib was 30
mg, which was 40% lower than the MTD of alisertib alone according to this dosing schedule
(32). These doses were selected to accommodate potential overlapping toxicities including
mucositis, while remaining within a range of potential therapeutic activity for each single
agent. Dose escalation was conducted according to a standard 3+3 design.

The MTD was defined as the highest dose at which less than 1/3 of at least 6 evaluable
patients experienced a treatment-related DLT within 28 days of the first dose of TAK-228.
DLT was defined as any of the following considered at least possibly related to treatment
with TAK-228 or alisertib: (1) grade 4 neutropenia lasting >7 days; (2) grade 3 neutropenia
accompanied by fever and/or infection; (3) thrombocytopenia with significant bleeding; (4)
any other grade =4 hematologic toxicity; (5) inability to administer at least 75% of planned
doses of either drug within cycle 1 due to drug-related toxicity; and (6) grade 3 or higher
nonhematologic toxicity, despite adequate treatment, with the exception of short-duration
(<72 hours) grade 3 hyperglycemia, grade 3 rash, or grade 3 nausea, vomiting, or diarrhea.
Toxicity was graded according to the NCI Common Terminology Criteria for Adverse
Effects (NCI CTCAE) version 4.03.

Blood samples were taken predose and 0.25, 0.5, 1, 2, 4, 6, 8, and 24 hours after a single
dose of TAK-228 in cycle 1 between day —7 and day -3, and predose and 1, 2, 4, 6, 8, and
24 hours after a single dose of alisertib on cycle 1 day 1 for the assessment of single-agent
PK parameters. Assessment of combination PK was performed predose and at 0.25, 0.5, 1,
2,4, 6, 8, and 24 hours post-dose on cycle 1 day 7 and day 1 of all subsequent cycles.
Alisertib and TAK-228 were measured in human plasma using a validated LC/MS/MS assay
carried out in the UCCC Pharmacology Shared Resource.

Serial tumor biopsies were performed prior to treatment, after a 7-day lead-in of alisertib,
and following alisertib and TAK-228 treatment on cycle 2 day 7 in two patients treated at the
MTD. Samples were evaluated by IHC for Ki-67 and cleaved caspase-3, as described above.

Tumor imaging was performed every 3 cycles or as clinically indicated. Patients with
measurable disease who underwent restaging imaging were evaluable for response
assessment using RECIST v1.1. Responses were evaluated as best response to treatment.
Patients continued on study until disease progression or unacceptable toxicity, with duration
of time on study and reason for discontinuation summarized.
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Statistical analysis

Results

Preclinical analyses were performed using Prism version 5.0. Comparisons were preformed
using a ttest with £=10.05 as the cutoff for statistical significance. In the phase I clinical
trial, statistics were descriptive in nature, with no formal statistical hypothesis tested.

Effect of TAK-228 and alisertib exposure in vitro on cellular proliferation and mTOR
pathway effectors

The addition of TAK-228 to alisertib treatment resulted in a statistically significant decrease
in proliferation as compared with single-agent alisertib in cell lines sensitive and resistant to
alisertib (Fig. 1A). This effect was most pronounced in the alisertib-sensitive MDA-MB-468
cell line, but was also observed in resistant models.

Treatment with alisertib alone resulted in an increase in the mTOR pathway effector pS6RP,
confirming upregulation of the mTOR pathway with Aur A inhibition in both alisertib-
sensitive and -resistant TNBC cell lines (Fig. 1B). Treatment with TAK-228 alone or
TAK-228 added to alisertib resulted in a decrease in both pS6RP and the related protein
p4EBP1. We observed an increase in the antiapoptotic protein survivin in cells treated with
alisertib and a decrease in survivin in cells treated with TAK-228 alone or TAK-228 added to
alisertib (Fig. 1B).

Effect of TAK-228 and alisertib treatment on cell cycle in CAL51 FUCCI cells

Figure 1C depicts CAL51 cells transduced with the FUCCI system, with assessment of
fluorescence over time following treatment. We observed cells in G, (red) and S/G,—M
(green) phase across the 96-hour time points in the groups treated with no drug, alisertib, or
TAK-228, which indicates continued progression through the cell cycle despite treatment. In
contrast, treatment with TAK-228 and alisertib resulted in the absence of cells in S/G,—M
phase (green), consistent with complete G4 cycle arrest that is maintained across all time
points (Fig. 1C). Treatment with the combination of TAK-228 and alisertib also resulted in a
significant decrease in relative growth as assessed using the FUCCI system as compared
with no drug or single-agent treatment at 72 hours (combo vs. no drug £ < 0.01, combo vs.
TAK-228 P=0.007, combo vs. alisertib £=0.0007). This was not preserved in the
TAK-228-treated cells at 96 hours (combo vs. no drug < 0.01, combo vs. TAK-228 P=
0.106, combo vs. alisertib 2= 0.014; Fig. 1D).

TAK-228 and alisertib treatment results in TGl in TNBC PDX models

In the alisertib-resistant CU_TNBC_004 PDX model, a combination effect was observed
following treatment with TAK-228 0.5 mg/kg daily and alisertib 30 mg/kg daily (Fig. 2A).
In this model, TGI of the combination of TAK-228 and alisertib daily was 94.27%, as
compared with 54.47% with TAK-228 and 35.09% with alisertib, with a statistically
significant decrease in tumor volume in the combination arm as compared with the alisertib
(P<0.0001) and TAK-228 (P < 0.0001) arms. In the second PDX model, CU_TNBC_007,
there was a trend toward decreased tumor volume with the combination, though this was not
statistically significant compared with TAK-228 (P = 0.0874) or alisertib (P= 0.4366) alone.
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Greater TGI was observed with the combination (TGI 77.33%), as compared with TAK-228
(30.73%) and alisertib (51.74%; Fig. 2B).

In vivo effects on senescence and apoptosis

Assessment of tissues from the CU_TNBC_004 PDX model for senescence by SA-p-gal
staining demonstrated scattered senescent cells following treatment with alisertib alone,
consistent with prior published results. Senescent cells were not observed with TAK-228
alone or in combination with alisertib. Extensive necrosis was observed on H&E in tumors
treated with TAK-228 in combination with alisertib (Fig. 2C).

Treatment with TAK-228 and alisertib resulted in a decrease in Ki67 as a marker of cellular
proliferation and an increase in cleaved caspase-3 as a marker of apoptosis in the
CU_TNBC_004 model (Fig. 2D). Immunofluorescence staining revealed an increase in
cytoplasmic BAX, also a marker of apoptosis, in tumors treated with TAK-228 alone or in
combination with alisertib. Expression of the apoptosis mediator DR5 was observed in
tumors treated with the combination of TAK-228 and alisertib (Fig. 2E).

Phase | clinical trial: Patient characteristics and MTD

A total of 18 patients were treated in the phase I trial at the UCCC; relevant characteristics
are listed in Table 1. The majority of patients were heavily pretreated, with 44% of patients
having previously received 5 or more lines of therapy.

Three patients were treated at dose level 1 (TAK-228 1 mg daily and alisertib 30 mg b.i.d.
days 1-7), with no DLT observed. Four patients were treated at dose level 2 (TAK-228 2 mg
daily and alisertib 30 mg b.i.d. days 1-7), including one patient who elected to discontinue
study treatment prior to completion of the first cycle. No DLT was observed. At dose level 3
(TAK-228 2 mg daily and alisertib 40 mg b.i.d. days 1-7), one patient was replaced due to
rapid clinical progression prior to completion of the first cycle. Two of 6 evaluable patients
had a documented DLT. One patient experienced intolerable grade 2 gastroesophageal reflux
disease (GERD) and grade 2 nausea leading to an inability to administer at least 75% of
doses in cycle 1. A second patient experienced grade 3 fatigue. As such, an alternate dose
level termed dose level 2.5 (TAK-228 3 mg daily and alisertib 30 mg b.i.d. days 1-7) was
evaluated. The first 2 patients treated experienced DLT with grade 3 fatigue. Thus, TAK-228
2 mg daily and alisertib 30 mg b.i.d. days 1 to 7, as evaluated in dose level 2, was
determined to be the MTD and recommended phase 11 dose (RP2D) of the combination
(Table 2). This dose level was then expanded to include 2 additional patients, with a total of
6 patients receiving treatment at the MTD.

Toxicity profile of TAK-228 and alisertib in patients with advanced solid tumors

Sixteen of the 18 patients (89%) receiving at least one dose of study treatment experienced
an adverse effect attributed to study therapy. Of these patients, 13 (72%) experienced
adverse effects at least possibly related to TAK-228, and 15 (83%) experienced adverse
effects at least possibly related to alisertib. Rash was the most common toxicity attributed to
TAK-228 alone; neutropenia and fatigue were the most common toxicities attributed to
alisertib alone. The most common toxicities attributed to both drugs were fatigue, nausea,
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and mucositis (Table 2). Most toxicities were grade 1 or 2 and manageable with supportive
care. Neutropenia was the only grade 4 toxicity documented; no grade 5 toxicities were
reported. Dose reduction of alisertib was required in 2 patients; 1 required 2 reductions for
cytopenias (dose level 3), and the second required 2 reductions and ultimate discontinuation
for fatigue (dose level 2.5). Dose reduction of TAK-228 was required in 3 patients, including
1 patient treated at the MTD (dose level 2) for mucositis, 1 at dose level 2.5 for fatigue, and
1 at dose level 3 for rash.

The mTOR pathway is important in glucose homeostasis, and a known adverse effect of
mTOR inhibitor therapy is hyperglycemia. Hyperglycemia was documented in one patient at
dose level 1 and one at dose level 2.5 (13%, both grade 2). Due to structural similarity to
benzodiazepines, Aurora A kinase inhibitors can have GABA receptor activity and
benzodiazepine-like central nervous system (CNS) effects. Somnolence related to alisertib
was documented in one patient at dose level 1 and one at dose level 2.5 (13%, both grade 1).
An additional patient experienced grade 1 cognitive changes (dose level 2). None of these
events required dose modification. However, in one patient with recurrent grade 3 fatigue
requiring multiple dose reductions of alisertib (dose level 2.5), CNS drug effects were
thought to possibly contribute.

Pharmacokinetic analysis

No significant drug interaction between the agents was identified in PK analysis (Table 3).
At the MTD of TAK-228 of 2 mg, the Gyax OF the single-agent lead-in dose was 24.2 (+8.8)
ng/mL, which was similar to the Gyax following combination dosing with alisertib of 24.7
(x13.6) ng/mL. The AUCq_»4p of TAK-228 2 mg alone and in combination with alisertib
was also comparable: 172.9 (£106.9) ng/mL x hours as compared with 128.2 (£72.7) ng/mL
hours. The half-life of single-agent TAK-228 at the 2 mg dose was 6.8 (+4.2) hours, similar
to 6.0 (£2.1) hours in combination with alisertib.

Accumulation of alisertib was expected with b.i.d. dosing for 7 days given its half-life of
approximately 20 hours. As such, an accumulation factor was utilized to estimate steady-
state AUC (AUCgs) when comparing data from the single lead-in dose to b.i.d. dosing with
the combination. At the MTD of 30 mg b.i.d., utilizing the accumulation factor, the alisertib
AUC g_gh Was 7,505 (£1,731) ng/mL x hours, as compared with an AUC_gp, of 6,119
(£2,331) ng/mL x hours when combined with TAK-228. Differences in 7max and Cmax
between the single-dose, single-agent alisertib lead-in and b.i.d. combination dosing with
TAK-228 were attributed to these differences in accumulation.

Antitumor activity

The median duration of study protocol treatment was 2.3 months (range, 0.4-13.4 months;
Fig. 3A). A patient with ER*/HER2™ breast cancer who had received 5 prior lines of therapy
remained on study for 15 cycles (over 10 months), and a patient with castrate-resistant
prostate cancer who had received 9 prior lines of therapy remained on study for 18 cycles
(over 13 months).

Ten patients with measurable disease were evaluable for RECIST response assessment. No
patients had partial response to therapy. Best response of stable disease per RECIST was
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observed in 7 of 10 evaluable patients, with a 29% decrease in RECIST-measurable lesions
documented in a patient with fallopian tube cancer. Progressive disease was documented in 3
patients related to the development of new lesions (Fig. 3B). The median duration of stable
disease among those meeting RECIST criteria for such was approximately 4 months.

The most common reason for study discontinuation was radiographic progression for 10
patients, treatment-related toxicity for 4 patients, clinical progression for 3 patients, and
patient preference for 1 patient. Six of these patients discontinued study treatment prior to
first restaging imaging due to toxicity (3), clinical progression (2), or patient preference (1).

Pharmacodynamics

Serial tumor biopsies were performed in 2 patients with metastatic ER*/HER2™ breast
cancer treated at the MTD. (Supplementary Fig. S1). Patient 1 had disease progression on
imaging at week 6 and patient 2 had stable disease on imaging and remained on study for 5
cycles prior to progression. Consistent with our preclinical observations, we observed a
significant decrease in Ki67 expression following treatment with the combination of alisertib
and TAK-228 in patient 2, which was associated with cleaved caspase expression, indicative
of treatment-induced apoptosis. These changes were not observed in patient 1 who had early
disease progression consistent with de novo resistance to treatment.

Discussion

The addition of TAK-228 to alisertib resulted in increased anticancer activity in preclinical
models of TNBC, including cell lines and PDX models. In the phase | dose escalation study,
the combination was found to be tolerable with a manageable side effect profile in patients
with advanced solid tumors. The MTD was defined as TAK-228 2 mg oral once daily with
continuous dosing in combination with alisertib 30 mg oral b.i.d. days 1 to 7 of a 21-day
cycle.

The association of treatment-induced senescence with the development of de novo and
acquired resistance to alisertib has been previously reported (10), as has mTOR pathway
activation in models with acquired resistance to Aur A inhibition (14). Our preclinical
findings add to a growing body of literature further supporting a role for mTOR pathway
activation in resistance to Aur A inhibition. In clinical pharmacodynamic analysis, the
combined inhibition of mMTOR and Aur A led to decreased cell proliferation and increased
apoptosis in tumor tissues from a patient treated at the MTD with stabilization of disease on
study treatment. These findings need to be confirmed in a larger set of serial tumor biopsies,
which will be collected in expansion cohorts.

Indications of translation of this mechanistic effect into clinical benefit were not directly
assessed in the accompanying phase | study focused on safety and tolerability, though
further evaluation of the efficacy is ongoing in expansion cohorts. However, of note in
preliminary efficacy evaluation is the finding of 2 heavily pretreated patients (1 with ER*/
HER2™ breast cancer and 1 with castrate-resistant prostate cancer) remaining on treatment
with prolonged stable disease for approximately 1 year. The clinical benefit noted in ER*/
HER2™ breast cancer is supported by the known activity of mTOR inhibitor everolimus (33)
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and potential activity of alisertib, as will be further elucidated in an ongoing phase Il clinical
trial evaluating alisertib with or without fulvestrant (NCT02860000). And though mTOR
inhibitors are not FDA approved for treatment of prostate cancer, Akt inhibition in
combination with abiraterone has shown promise in a phase 1l trial (34), with a phase 111
study ongoing (NCT03072238).

The adverse-effect profile of the combination was as anticipated according to known single-
agent toxicities. Grade 3 fatigue was the most common DLT event, but was observed only at
doses above the MTD. Though a total of 7 dose reductions were required on study, only one
(for mucositis) occurred at the MTD. The pharmacodynamics of alisertib have been
extensively studied in skin and tumor samples across single-agent clinical trials, with
exposure-pharmacodynamic analyses supporting pharmacodynamically active exposures
over a dose range of 30 to 50 mg b.i.d. for 7 days of a 21-day cycle (35). Furthermore,
mechanism-based toxicities of neutropenia (alisertib) and hyperglycemia and rash
(TAK-228) were observed at and below the MTD in this trial. And pharmacokinetic
parameters of combination therapy at the MTD are similar to PK of each drug at the single-
agent MTD (32, 36). Overall, these data indicate that alisertib and TAK-228 can be safely
combined at pharmacokinetically and pharmacodynamically active doses at the MTD.

Additional combinations of mTOR inhibition and cell-cycle inhibition are being explored
both preclinically and clinically, with combinations with cyclin-dependent kinase (CDK)
inhibitors the most developed. Two early-phase trials have specifically evaluated such
combinations in advanced ER*/HER2™ breast cancer with hormonal therapy, and similar to
this trial, neutropenia, stomatitis, and fatigue were the most common reported adverse events
in both. The severity of these events was more significant in the study of letrozole or
fulvestrant plus CDK 4/6 inhibitor palbociclib and dual PI3K/mTOR inhibitor gedatolisib,
with the rate of those grade =3 in severity over 50% (37). Interestingly, a clinical benefit rate
of 41.1% at 24 weeks was observed in the phase Il portion of the study evaluating
exemestane plus CDK 4/6 inhibitor ribociclib and mTOR inhibitor everolimus, which
exceeded the primary endpoint threshold of the trial (>10%; ref. 38). Additional studies are
evaluating mTOR/CDK inhibitor combinations in other tumor types (NCT03740334 and
NCT03065062; refs. 39, 40).

An intermittent, pulse-dosing schedule of alisertib has recently been evaluated in
combination with fulvestrant in patients with ER*/HER2™ metastatic breast cancer. In this
trial, alisertib was administered on days 1 to 3, 8 to 10, and 15 to 17 on a 28-day schedule
with alisertib 50 mg b.i.d. identified as the RP2D. Interestingly, patients participating in this
study had no grade =3 neutropenia or stomatitis, as compared with single-agent alisertib
according to the standard dosing schedule, where grade 3 to 4 stomatitis was documented in
15% and grade 3 to 4 neutropenia in 57% (18). We chose to administer alisertib b.i.d. days 1
to 7 of a 21-day cycle in combination with continuously dosed TAK-228 in this trial based
on available data at the time of trial design and with the hypothesis that higher alisertib
doses followed by a break would result in more robust anticancer activity with a more
favorable toxicity profile. However, consideration could be given to evaluating this
combination with an alternate schedule of alisertib in the future. The toxicity profile will be
closely evaluated in the expansion cohorts to help guide these future plans.
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In conclusion, these data suggest TAK-228 and alisertib are a rational combination for the
treatment of solid tumor malignancies that is safe and tolerable, with further efficacy
assessments warranted. Expansion cohorts of patients with refractory solid tumors of all
primary sites, as well as a cohort of patients with refractory pancreatic adenocarcinoma, will
provide further information on this efficacy. In addition, pharmacodynamic assessment in
these patients will help better delineate the mechanism of the combination. Functional
imaging with diffusion-weighted magnetic resonance imaging will give a sense of single-
agent versus combination effect on cellular metabolism, and biopsy samples at baseline, on
single-agent therapy, and on combination therapy will be compared for evaluation of on-
target activity as well as apoptosis and senescence. Further evaluation of additional dosing
schedules is also planned. Together, these results will continue to provide more information
on the clinical setting most likely to benefit from the combination of TAK-228 and alisertib
for the treatment of cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Senescence and upregulation of genes in the PI3K/AKT/mTOR pathway have been
observed in triple-negative breast cancer (TNBC) patient-derived xenograft (PDX)
models treated with Aurora A kinase inhibitor alisertib to resistance. This study evaluates
the addition of TORC1/2 inhibitor TAK-228 to alisertib in preclinical TNBC models, and
translation of these findings to a first-in-human phase | dose escalation trial. The
preclinical work suggests a combination effect of TAK-228 and alisertib, adding to a
growing body of literature further supporting a role for mTOR pathway activation in
resistance to Aurora A inhibition. In the clinical phase of this study, the combination was
found to be safe and tolerable at the maximum tolerated dose (MTD), with 2 patients
with heavily pretreated cancers remaining on study treatment for approximately 1 year.
Pharmacodynamic assessment on tumor samples mirror preclinical findings in TNBC
PDX models. Additional pharmacodynamic evaluation is ongoing in expansion cohorts.
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Figure 1.
Effect of alisertib and TAK-228 on proliferation, downstream effectors, and cell-cycle arrest

in TNBC cell lines. A, Relative proliferation as compared with vehicle control cells
according to CellTiter-Glo at 96 hours with increasing concentrations of alisertib alone and
in combination with TAK-228 at 50 nmol/L (alisertib-sensitive cell lines) and 125 nmol/L
(alisertib-resistant cell lines). Degree of statistical significance as compared with single-
agent alisertib: *, £<0.05; **, £<0.01. B, Immunablots showing effects of alisertib and
TAK-228 on apoptosis and downstream effectors of mTOR at doses of 50 nmol/L at 24
hours and 100 nmol/L at 72 hours. C, CAL51 cells transduced with the FUCCI system
treated with alisertib and TAK-228 alone and in combination at 100 nmol/L and observed
over 96 hours using an environmentally controlled Olympus 1X81 fluorescence microscope.
Cells appear red in G1 phase, indicating arrest, and green in S/G,—M phase. D, Growth
curves based on time-lapse images over 96 hours for CAL51 FUCCI cells. Degree of
statistical significance of combination therapy as compared with single-agent treatment arms
at 72 and 96 hours: *, P<0.05; **, P<0.01.
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Figure 2.
In vivo effects of alisertib and TAK-228 in TNBC PDX models. A, Effect of alisertib 30

mg/kg p.o. daily, TAK-228 0.5 mg/kg p.o. daily, and the combination in the CU_TNBC_004
alisertib-resistant PDX model. TGI compared with vehicle was 35.1% for alisertib, 54.5%
for TAK-228, and 94.3% for the combination. Degree of statistical significance of
combination treatment as compared with single-agent treatment arms: **** < 0.0001. B,
Effect of alisertib 30 mg/kg daily, TAK-228 0.5 mg/kg daily, and the combination in the
alisertib-resistant CU_TNBC_007 PDX model. TGl compared with vehicle was 51.7% for
alisertib, 30.7% for TAK-228, and 77.3% for the combination. C, Senescence assessed by
SA-B-gal staining on tumors from CU_TNBC_004 treated with alisertib, TAK-228, or the
combination. Representative images at 40x magnification; senescent cells appear blue. D,
IHC analysis of Ki67, cleavedcaspase-3, and H&E on tumor tissues at day38 to assess cell
turnover and apoptosis. Images at 10x. E, IF analysis of tumors for DAPI, BAX, and DR5
for assessment of apoptosis. Images at 60x using confocal microscopy.
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Figure 3.

Antitumor activity of TAK-228 and alisertib in patients with refractory solid tumors. A,
Duration of time on study in months, each bar represents a patient. Dose levels indicated by
color of bar. *, Patient discontinued study related to toxicity. B, Best response on imaging in
patients with measurable disease per RECIST. Dose levels indicated by color of bar. *,
Progression per RECIST related to new lesion.
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Table 1.
Patient demographics and baseline characteristics.
Characteristic Number of patients (%) N = 18
Age
Median (range) 65 (48-76)
Gender
Male 3 (17%)
Female 15 (83%)
Race/ethnicity
Caucasian 14 (78%)
African American 1 (6%)
Asian 1 (6%)
Hispanic 2 (11%)
Tumor type
Ovarian 4 (22%)
Breast (all ER* HER2") 5 (28%)
Prostate 2 (11%)

Other (fallopian tube, endometrial, peritoneal, pancreatic, rectal, gastric, gallbladder) 7 (39%) (1 of each tumor type)

Baseline ECOG performance status

0
1

4 (22%)
14 (78%)

Prior lines of therapy for metastatic disease

2
3
4

5 or more

1 (6%)

4 (22%)
5 (28%)
8 (44%)
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