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Simple Summary: Drugs that target Aurora A kinase as a treatment for cancer can lead to activation of
the PI3K/AKT/mTOR pathway and ultimately resistance to treatment. We evaluated the preliminary
efficacy of the addition of an inhibitor of this pathway (TORC1/2 inhibitor sapanisertib) to Aurora A
kinase inhibitor alisertib in patients with advanced solid cancers, including a group with pancreatic
adenocarcinoma. Select patients experienced prolonged stabilization of their cancers when treated
with this combination therapy, including two with pancreatic cancer. To explore potential differences
in response to this therapy, changes in the tumor tissues and immune system were evaluated, as were
changes in imaging that can evaluate tumor activity. The genetic make-up of the tumor as well as
spread of cancer to the liver may contribute in this setting.

Abstract: Background: This study further evaluated the safety and efficacy of the combination of
alisertib and sapanisertib in an expansion cohort of patients, including a subset of patients with re-
fractory pancreatic adenocarcinoma, with further evaluation of the pharmacodynamic characteristics
of combination therapy. Methods: Twenty patients with refractory solid tumors and 11 patients
with pancreatic adenocarcinoma were treated at the recommended phase 2 dose of alisertib and
sapanisertib. Adverse events and disease response were assessed. Patients in the expansion cohort
were treated with a 7-day lead-in of either alisertib or sapanisertib prior to combination therapy, with
tumor tissue biopsy and serial functional imaging performed for correlative analysis. Results: Toxicity
across treatment groups was overall similar to prior studies. One partial response to treatment was
observed in a patient with ER positive breast cancer, and a patient with pancreatic cancer experienced
prolonged stable disease. In an additional cohort of pancreatic cancer patients, treatment response
was modest. Correlative analysis revealed variability in markers of apoptosis and immune cell
infiltrate according to lead-in therapy and response. Conclusions: Dual targeting of Aurora A kinase
and mTOR resulted in marginal clinical benefit in a population of patients with refractory solid
tumors, including pancreatic adenocarcinoma, though individual patients experienced significant
response to therapy. Correlatives indicate apoptotic response and tumor immune cell infiltrate may
affect clinical outcomes.

Keywords: alisertib; sapanisertib; solid tumors; pancreatic adenocarcinoma; expansion cohort;
Aurora A kinase; mTOR
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1. Introduction

Aurora A kinase is essential to mitotic regulation and is overexpressed in many cancers [1,2].
Accordingly, drugs targeting Aurora A kinase are of significant interest as cancer therapy and
have been evaluated in multiple clinical settings [3,4]. Alisertib, the most extensively studied
of the Aurora A kinase inhibitors, is an oral, selective small molecule inhibitor of Aurora A
kinase [5], and has an FDA orphan drug designation for small cell lung cancer [6]. Efficacy
as a single-agent has been relatively limited in other tumor types, and approaches evaluating
combination therapy are being explored to combat resistance [5,7].

Activation of the PI3K/AKT/mTOR pathway has long been associated with resistance
to multiple targeted therapies across multiple tumor types [8–10], leading to the evaluation
of combination therapies integrating inhibitors of this pathway. Sapanisertib is a next-
generation oral small-molecule mTOR inhibitor targeting TORC1 and TORC2 [11,12] that
has been evaluated in combination with both targeted therapies and cytotoxic chemother-
apy in multiple clinical trials.

In our prior work, senescence and upregulation of genes in the PI3K/AKT/mTOR
pathway were observed in triple-negative breast cancer (TNBC) patient-derived xenograft
models treated with alisertib to resistance, and tumor growth inhibition was demonstrated
in those models treated with alisertib and sapanisertib in combination [13]. This has been
confirmed by others in TNBC models [14], and has been linked to suppression of autophagic
cell death by Aurora A kinase, which is facilitated by mTOR activation in TNBC [15].

Given these findings, combination therapy with alisertib and sapanisertib was evalu-
ated in patients with advanced solid tumors in a phase 1 dose-finding study [16]. In this
trial, combination therapy was determined safe and tolerable at a recommended phase
2 dose (RP2D) of alisertib 30 mg BID on days 1–7 of a 21-day cycle and sapanisertib
2 mg daily on a continuous schedule. Most common adverse events related to treatment
in this population were neutropenia, fatigue, nausea, mucositis and rash. Most of these
events were mild, though grade 3 and 4 neutropenia and fatigue were observed. In this
population, one patient with hormone receptor positive, HER2 negative (HR+/HER2−)
breast cancer and one with castrate-resistant prostate cancer experienced prolonged stable
disease with study treatment.

The purpose of this study was to further evaluate safety, as well as preliminary
efficacy, in an expansion cohort of patients treated at the RP2D, and to further explore the
pharmacodynamics of the combination in human patients through correlative assessments
on serial tumor tissue samples and functional imaging.

2. Materials and Methods
2.1. Patient Selection

Patients were assigned to one of two cohorts, the solid tumor expansion cohort or the
pancreatic cancer expansion cohort. In the solid tumor expansion cohort, patients with a
histologically confirmed solid tumor that was incurable or refractory to standard therapy,
or for which no standard therapy exists, were eligible to participate. The purpose of this
cohort was to better understand the safety and efficacy of the combination of alisertib and
sapanisertib in this patient population, and to further explore the pharmacodynamic effects
of the treatment. These patients were required to have at least one tumor lesion amenable to
repeat core needle or punch biopsy for correlative testing. Due to the clinical benefit noted in
pancreatic cancer patients treated in this cohort as well as the prior dose-finding study [16],
an additional pancreatic cancer expansion cohort was added to further explore efficacy
in this specific population. In this cohort, patients were required to have a histologically
confirmed diagnosis of locally advanced or metastatic pancreatic adenocarcinoma, which
was refractory to standard therapy.

Patients in all cohorts were required to be greater than 18 years old and have an ECOG
performance status of 0 or 1. Adequate hematologic, hepatic, renal, and cardiac function
were required, as were hemoglobin A1c of less than 7% and fasting triglycerides less than
or equal to 300 mg/dL. Patients with treated brain metastases who no longer required
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steroids or anti-epileptic drugs and had no evidence of progression after treatment were
eligible to participate. Patients who required supplemental oxygen or had a condition
that could result in excessive daytime sleepiness were excluded, as were patients with a
condition that could alter the absorption of the study medications.

The protocol was approved by the local institutional review board, and all patients signed
a written consent prior to enrollment according to federal and institutional guidelines.

2.2. Study Design

Eligible patients in both cohorts were treated with the combination of alisertib 30 mg
by mouth twice daily on days 1–7 in a 21-day cycle and sapanisertib 2 mg by mouth daily
according to the previously defined RP2D [16]. In Cycle 1 of the solid tumor expansion
cohort only, patients were assigned to treatment with either alisertib or sapanisertib as a
single-agent on days 1–7 (Figure 1). For the remainder of the study, these patients received
combination treatment. Patients in both the alisertib and sapanisertib lead-in groups were
eligible to participate in biopsy and imaging correlative studies. In the pancreatic cancer
expansion cohort, patients were treated with both agents at the RP2D without a single-agent
lead-in (Figure 1). These patients were not included in correlative studies.
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Figure 1

Figure 1. Study schema for solid tumor and pancreatic cancer expansion cohorts. Eligible patients
in both cohorts were treated with the combination of alisertib 30 mg by mouth twice daily on days
1–7 in a 21-day cycle and sapanisertib 2 mg by mouth daily. In Cycle 1 of the solid tumor expansion
cohort only, patients were assigned to treatment with either alisertib or sapanisertib as a single-agent
on days 1–7. For the remainder of the study, these patients received combination treatment. Patients
in both the alisertib and sapanisertib lead-in groups were eligible to participate in biopsy and imaging
correlative studies. Biopsies were performed prior to treatment start, and again at Cycle 1 Day 7 and
Cycle 2 Day 7. T2-weighted MRI was performed in this cohort at these same timepoints in patients
with liver metastases only.
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Patients in both cohorts were instructed to complete daily glucose monitoring on a
provided glucometer at home after fasting overnight for a minimum of 8 h, with data
reviewed at each study visit. Hyperglycemia observed during home glucose monitoring
was confirmed in the clinic.

With each treatment cycle, initiation of alisertib was delayed for grade 2 or greater
neutropenia or thrombocytopenia, or other grade 2 or greater treatment related toxicities
that had not resolved from a prior treatment cycle. Alisertib was reduced by one dose
level for grade 4 or symptomatic anemia or thrombocytopenia, or grade 3 non-hematologic
toxicity, including nausea, vomiting, or diarrhea that persisted despite optimal supportive
care. Study treatment with sapanisertib was withheld in the setting of grade 3 or greater
treatment-related toxicities, despite optimal supportive care. Up to two dose level reduc-
tions of sapanisertib were allowed for those patients with grade 3 events that resolved
within two weeks.

Disease status was assessed by imaging using RECIST 1.1 at baseline and after every
3 cycles of treatment. Objective responses were confirmed on repeat evaluation at least
4 weeks after the initial documentation.

Study treatment was discontinued in the setting of disease progression, unacceptable
toxicity, or protocol non-compliance. Treatment with either alisertib or sapanisertib alone
was allowed if either drug was discontinued due to unacceptable toxicity.

2.3. Correlative Studies

Correlative studies were performed in a subset of patients enrolled in the solid tumor
expansion cohort as described below.

2.3.1. Functional Imaging

T2 weighted MRI (T2w MRI) and diffusion weighted imaging (DWI) were performed
to assess structural changes and tissue cellularity, respectively, in a subset of patients with
confirmed hepatic metastases. All MRI scans were acquired on a Siemens Skyra 3 Tesla MRI
scanner (Siemens Healthineers, Malvern, PA, USA) equipped with a 32-channel phased-
array body coil. The entire liver was included in the field of view (38 × 38 cm2). The MRI
protocol consisted of a conventional axial fast spin echo T2 weighted imaging (FSE T2WI)
sequence, followed by an axial spin echo echoplanar imaging (SE-EPI) DWI sequence with
multiple b-values (0, 100, 200, 600, 800, 1000, 1200 s/mm2). Total tumor burden (reported
in cm3) was calculated from the sequential T2w MRI and compared with the apparent
diffusion coefficient (ADC) values from DWI as an assessment of tumor cellularity and
apoptosis in order to determine its function as a potential biomarker of early treatment
response [17,18]. DWI and T2w MRI were performed prior to treatment initiation, C1D7
(after single-agent lead-in), and C2D7 (after combination treatment) (Figure 1).

2.3.2. Tumor Tissue Evaluation

Biopsies were performed in patients in the solid tumor expansion cohort prior to
treatment initiation, Cycle 1 Day 7 (C1D7) (after single-agent lead-in), and Cycle 2 Day 7
(C2D7) (after combination treatment) (Figure 1) to assess the pharmacodynamic effects of
treatment. Fresh tissue samples from patients in both treatment groups at each timepoint
were divided, with portions of formalin fixed and paraffin embedded, treated with O.C.T.
compound, and flash frozen.

Fluorescence Microscopy

FFPE tissues were sectioned by the Pathology Shared Resource (RRID: SCR_021989).
Multi-spectral imaging was performed by the Human Immune Monitoring Shared Resource
(RRID: SCR_021985) as previously described [19]. Sequential staining was performed on
tissues according to each of the following 3 treatment panels: Panel 1) DAPI, HuCK
(Dako, Glostrup, Denmark, catalogue number M3515), Hup53 (Leica, Wetzlar, Germany,
sc-6243), HuCyclin B1 (abcam, Cambridge, UK, ab32053), HuKi67 (EPREDIA (Thermofisher,
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Waltham, MA, USA), RM-9106-S), Hup21 (abcam, Cambridge, UK, ab109520), HuHH3
(abcam, ab1220); Panel 2) DAPI, HuCK (Dako, M3515), HuCD45 (Leica, PA0042), HuCl Casp
3 (Cell Signaling Technology, Danvers, MA, USA, 9664L), HupS6 (Cell Signaling Technology,
211S); Panel 3) DAPI, HuCK (Dako, M3515), HuCD3 (Leica, PA0553), HuCD4 (Biocare,
Pacheco, CA, USA, API3209AA), HuCD19 (Leica, PA0843), HuCD56 (Leica, PA0191),
HuCD8 (Dako, M7103), HuFOXP3 (abcam, AB20034), HuCD68 (Dako, M0814). Six color
multi-spectral imaging was performed for Panels 1 and 2 using the Perkin Elmer Vectra
3 instrument, and for Panel 3 using the Vectra Polaris (Phenolmager HT) instrument
(Akoya Biosciences, Marlborough, MA, USA). Briefly, the slides were deparaffinized, heat
treated in antigen retrieval buffer, blocked, and incubated with primary antibody, followed by
horseradish peroxidase (HRP)-conjugated secondary antibody polymer, and HRP-reactive
OPAL fluorescent reagents. The slides were stripped in between each stain with heat treatment
in antigen retrieval buffer. Whole slide scans were collected and multi-spectral images of each
tissue were then collected using the 20× objective with a 0.5-micron resolution.

For quantification, images were first spectrally unmixed using references collected on
the Vectra 3.0 or PhenoImager HT, respectively, and an unstained control reference was
used to subtract auto-fluorescence in inForm software (version 2.5 and 2.6, respectively).
Tissues were segmented into tumor regions (CK+/DAPI+), non-tumor tissue (CK-/DAPI+),
and glass (CK-/DAPI-/auto-fluorescence-). For Panels 1 and 2 collected on the Vectra
3 microscope, single cells were segmented using DAPI nuclear staining (relative intensity
0.25) and assisted with CK cytoplasmic staining. The minimum nuclear size was set to
14 pixels with a splitting sensitivity of 0.4. For Panel 3 collected on the PhenoImagerHT,
the relative DAPI intensity was set to 0.38 and nuclear splitting was assisted with CK
and CD68 cytoplasmic staining and CD3, CD8, and CD19 membrane staining. At least
100 positive and negative cells were identified in the training set for each phenotypic
marker and trained independently. Data tables were exported and merged, consolidated,
and combinatorial phenotypes were analyzed in Phenoptr Reports (version 0.3.2) [20].

SA-β-Gal and H and E

Fresh tissue biopsies were placed in O.C.T. and stored at −80 ◦C until processing. Prior to
staining, frozen tissue was sectioned at 5 µm in a cryostat by the Pathology Shared Resource.

Following the manufacture’s protocol (Cell Signaling Technology, #9860), senes-
cence associated β-Galactosidase (SA-β-Gal) was assessed. Slides were fixed for 5 min,
washed three times with 1X PBS and stained overnight at 37 ◦C. Images were obtained
at 20× magnification on an Olympus IX83 microscope. H and E was performed by the
Pathology Shared Resource on additional 5 µm sections.

2.4. Statistical Methods

The total planned enrollment across the expansion cohorts was approximately
30 patients, as this sample size provides a reasonable chance (>75%) of observing at least
one or more adverse events when the true frequency of the adverse event is between 10
and 15% at the RP2D. Anticipating approximately 20 of these patients would be eligible
for response evaluation, assessment of the response rate in 20 patients excludes, with 95%
confidence, a true response rate of 15% or higher if no response is observed.

Adverse events were tabulated by type and grade, then summarized across both
cohorts. Analysis of efficacy measures was descriptive, with best overall response sum-
marized using the number and percent of patients in each tumor response category. Time
on treatment was defined as the time from the first day of study treatment to the end of
treatment visit.

All correlative analyses are hypothesis-generating and descriptive in manner. Gross
lesion volumes (cm3) from T2wMRI and ADC values (mm2/s) from DWI-generated ADC
maps were calculated at each timepoint using the built-in software (Siemens syngo MR [21],
versions VE11C and VB20), by an MR image analyst with 18 years of experience who was
blinded to the clinical information. The tumor volumes were calculated by placing a hand-
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drawn region of interests (ROI) over the liver lesion on each axial slice and multiplying the
summed ROIs by the anatomical slice thickness (0.5 cm). The ADC values were calculated
using a mono-exponential model, with the ROI placed hand-free on each axial DWI slice.
ADC values from all slices of the target lesion were averaged as the ADCmean.

Baseline assessments of biologic markers evaluated in biopsy samples were correlated
with clinical outcomes, and dynamic change in markers from baseline to C1D7 and C2D7
in both Expansion Cohort Groups were assessed using Prism version 7.0.

3. Results
3.1. Clinical Outcomes
3.1.1. Solid Tumor Expansion Cohort

A total of 20 patients with refractory cancers were treated in the dose expansion portion
of this trial. Demographic profiles were similar in the alisertib lead-in group (patients A-1
through A-10) and sapanisertib lead-in group (patients S-1 through S-10), with an overall
median age of 60, and the majority of patients identified as non-Hispanic white and female
sex. Represented tumor types in this cohort include breast adenocarcinoma (nine patients,
seven HR+/HER2−, two TNBC), colorectal adenocarcinoma (four), pancreatic adenocarci-
noma (three), ovarian serous carcinoma (two), renal cell carcinoma (one), and uterine serous
carcinoma (one), with majority breast cancer in both groups. Patients in both groups were
heavily pre-treated, with an overall median of 4 prior lines of therapy and range of 2–14 prior
lines. All participants had a performance status of 0–1 at time of screening (Table 1).

Table 1. Patient demographics and baseline characteristics.

Number of Patients (%)

Characteristic Alisertib Lead-In (n = 10)
Patients A-1 through A-10

Sapanisertib Lead-In (n = 10)
Patients S-1 through S-10

Pancreatic Cancer Expansion (n = 11)
Patients P-1 through P-11

Age
Median (Range) 59 (51–71) 63 (39–74) 56 (38–74)

Sex
Male 2 (20%) 4 (40%) 9 (82%)
Female 8 (80%) 6 (60%) 2 (18%)

Race/Ethnicity
Caucasian 9 (90%) 7 (70%) 7 (64%)
Hispanic 1 (10%) 1 (10%) 3 (27%)
African American 0 (0%) 1 (10%) 1 (9%)
Asian 0 (0%) 1 (10%) 0 (0%)

Tumor type
Breast adenocarcinoma 5 (50%) 4 (40%) 0 (0%)
Colorectal adenocarcinoma 2 (20%) 2 (20%) 0 (0%)
Ovarian serous carcinoma 2 (20%) 1 (0%) 0 (0%)
Pancreatic adenocarcinoma 1 (10%) 2 (20%) 11 (100%)
Uterine serous carcinoma 0 (0%) 1 (10%) 0 (0%)
Renal cell carcinoma 0 (0%) 1 (10%) 0 (0%)

Baseline ECOG Performance Status
0 2 (20%) 3 (30%) 4 (36%)
1 8 (80%) 7 (70%) 7 (64%)

Prior Lines of Therapy for Metastatic Disease
Median (Range) 4 (3–14) 3 (2–9) 2 (1–3)
1 0 (0%) 0 (0%) 1 (9%)
2 0 (0%) 3 (30%) 7 (64%)
3 2 (20%) 3 (30%) 3 (27%)
4 4 (40%) 0 (0%) 0 (0%)
5 or more 4 (40%) 4 (40%) 0 (0%)

Median time on study was 9 weeks across both treatment groups (range 1.1–47). In
the alisertib lead-in group, the median time for treatment was 11.6 weeks (range 3.7–47),
and in the sapanisertib lead-in group the median was 6 weeks (range 1.1–10) (Figure 2A
and Supplementary Table S1).
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Figure 2. Antitumor activity of alisertib and sapanisertib in an expansion cohort of patients with
refractory solid tumors. (A) Duration of time on study in weeks according to treatment group. Each
bar represents a patient. (B) Best response on imaging according to treatment group in patients with
evaluable disease per RECIST v1.1. * Increase in non-target lesion; ** Progression related to new lesion.

The majority of patients across both lead-in groups (65%) discontinued study treatment
due to disease progression. This included 80% of patients in the alisertib lead-in group.
Two patients (20%) in this group discontinued study treatment due to treatment-related
toxicity after one and three cycles, respectively. In the sapanisertib lead-in group, 50% of
patients discontinued study due to progressive disease by RECIST 1.1, while an additional
30% discontinued prior to restaging imaging due to clinical progression. One patient in
this group discontinued treatment after three cycles due to treatment-related toxicity, and
another due to unrelated medical comorbidities.

The overall response rate in the 16 evaluable patients across both lead-in groups was
6%, with a stable disease rate of 38%, and disease control rate of 44%. Of the 10 patients
evaluable for response in the alisertib lead-in group, the rate of partial response was
10% and the rate of stable disease was 50% for a disease control rate of 60% and disease
progression rate of 40%. The one patient with partial response in the alisertib lead-in group
had HR+/HER2− breast cancer and partial response to treatment with 30% decrease by
RECIST 1.1. The patient discontinued treatment after 12 weeks due to toxicity related to
rash. An additional patient with pancreatic cancer in this lead-in group had a 16% decrease
in disease and continued on study for a total of 47 weeks. No complete or partial responses
were documented in the six evaluable patients in the sapanisertib lead-in group, and 17%
of patients experienced stable disease, while 83% experienced progressive disease as the
best response to treatment (Figure 2B and Supplementary Table S1).

3.1.2. Pancreatic Cancer Expansion Cohort

Eleven patients with pancreatic cancer were enrolled in the pancreatic cancer cohort.
The median age in this group was 56, and the majority identified as non-Hispanic white
and male sex. The median prior lines of therapy for metastatic disease were 2, with a range
of 1–3, and all patients had a baseline ECOG performance status of 0 or 1 (Table 1).
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The median time on study in this cohort was 9 weeks (range 4–27.7) (Figure 2A and
Supplementary Table S1). Two patients in this cohort discontinued prior to restaging
imaging due to clinical progression, while two patients discontinued treatment after 1 cycle
due to toxicity, and one patient discontinued due to patient choice. Of the remaining six
patients in this group evaluable for response, 67% had a documented best response of
stable disease, while 33% had progressive disease. No complete or partial responses were
documented (Figure 2B and Supplementary Table S1).

3.2. Toxicities

All patients experienced at least one adverse event (AE) while on study. Treatment
related adverse events were reported in 90% of patients in the alisertib lead-in group, 70%
of patients in the sapanisertib lead-in group, and 90% of patients in the pancreatic cancer
expansion group. The majority of adverse events deemed related to study treatment were
attributed to both drugs (48%), while 27% were attributed to alisertib alone, and 26% were
attributed to sapanisertib alone.

The most common treatment-emergent toxicities reported across all treatment groups
were fatigue (58%), diarrhea (42%), nausea (42%), abdominal pain (32%), and mucositis
(29%) (Table 2). The most common treatment-related adverse events were fatigue (42%),
mucositis (29%), hyperglycemia (26%), and nausea (23%) (Supplementary Table S2). The
majority of adverse events were mild, though neutropenia was more often higher grade.
This pattern of toxicity was overall similar to that documented in the phase 1 dose escalation
study evaluating this combination [16].

Table 2. Treatment-emergent adverse events occurring in at least 20% of patients across treatment groups.

Alisertib Lead-In
N = 10

Sapanisertib Lead-In
N = 10

Pancreatic Cancer
Expansion

N = 11

All Treatment Groups
N = 31

Number (percent) Grade 1/2 Grade 3/4 Grade 1/2 Grade 3/4 Grade 1/2 Grade 3/4 Grade 1/2 Grade 3/4 Total

Fatigue 3 1 7 0 7 0 17 (55%) 1 (3%) 18 (58%)

Diarrhea 3 1 2 0 6 1 11 (35%) 2 (6%) 13 (42%)

Nausea 2 0 4 0 7 0 13 (42%) 0 13 (42%)

Abdominal pain 2 1 2 0 3 2 7 (23%) 3 (10%) 10 (32%)

Mucositis 3 2 2 0 1 1 6 (19%) 3 (10%) 9 (29%)

Hyperglycemia 2 1 2 0 3 0 7 (23%) 1 (3%) 8 (26%)

Anorexia 2 0 2 0 4 0 8 (26%) 0 8 (26%)

Hypokalemia 2 0 0 0 4 1 6 (19%) 1 (3%) 7 (23%)

Neutropenia 0 1 2 0 0 3 2 (6%) 4 (13%) 6 (20%)

Cognitive
disturbance 0 0 2 1 3 0 5 (16%) 1 (3%) 6 (20%)

Dyspnea 3 0 0 1 2 0 5 (16%) 1 (3%) 6 (20%)

3.3. Correlative Studies
3.3.1. Functional Imaging

Eight patients in the solid tumor expansion cohort with liver metastases were eval-
uated by T2w MRI and DWI at the three specified timepoints. Six of these patients were
in the alisertib lead-in group (A-2, A-4, A-5, A-7, A-8, A-9) and two (S-2, S-4) were in the
sapanisertib lead-in group. In all patients, regardless of treatment group, an increase in
total tumor lesion volume by T2w MRI correlated with a respective low ADCmean value in
DWI (Figure 3), suggesting a poor response to the treatment. Similarly, a decrease in gross
lesion volume corresponded to an increase in ADCmean value. Median ADC values were
overall higher in patients with stable or decreased median lesion volumes on treatment as
compared to those with increased lesion volumes on treatment. Clinically, low ADC values



Cancers 2024, 16, 1456 9 of 15

are indicative of high cellularity tissues, and increasing ADC values are associated with
tumor responsiveness to chemo- and targeted therapies [22,23]. In our study, the decreasing
median lesion volumes on C2D7 correlated with the increasing ADC values seen even in
C1D7, which remained relatively stable near levels of background normal liver tissues, in
the range of 1.43–1.66 × 10−3 mm2/s, by C2D7 (Figure 3).
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Figure 3. Functional imaging in select patients with hepatic metastases treated with alisertib and
sapanisertib. (A). Representative T2w MRI and ADC maps of hepatic metastases in a patient with
poor treatment response reveal increasing tumor burden and low ADC values at C2D7 of treatment;
(B). Increased median tumor burden volume and descending ADC values between baseline, C1D7
and C2D7; versus (C). unchanged/decreasing tumor burden and normalized ADC values. The ADC
values for normal appearing hepatic tissues were in the range 1.43 to 1.66 (×10−3 mm2/s).

Of the eight patients with functional imaging assessments, two (A-2, S-4) had stable
disease per RECIST as best response on study, and one (A-5) had partial response per
RECIST. All three of these patients had decreasing median lesion volumes and increasing
median ADC values at these early timepoints. In one patient (S-4), visible disease at
baseline became unmeasurable by imaging at C2D7. One patient (A-2) continued study for
five treatment cycles; the other two discontinued study treatment for toxicity rather than
progression (Figure 3C). The remaining five patients (A-4, A-7, A-8, A-9, S-2) experienced
disease progression as best RECIST response. Median lesion volumes and ADC values
were variable at early timepoints in these patients (Figure 3B,C).
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3.3.2. Tumor Tissue Analysis

A total of four patients in the alisertib lead-in group and three patients in the sapanis-
ertib lead-in group had viable tissue for correlative analysis across the three specified
timepoints. In the alisertib lead-in group, represented tumor types included HR+/HER2−
breast cancer (A-2 and A-9), ovarian cancer (A-3), and colorectal cancer (A-4). One of
the two patients with HR+/HER2− breast cancer had a best response of stable disease
to treatment (A-2), while the other three patients in this group had best response of pro-
gressive disease. In the sapanisertib lead-in group, samples were evaluated from patients
with uterine cancer (S-1), colorectal cancer (S-2), HR+/HER2− breast cancer (S-4), and
triple-negative breast cancer (S-5). Best response in this group was stable disease in the
patient with HR+/HER2− breast cancer (S-4), while others had progressive disease.

Across all patients in both lead-in groups, Ki67 was decreased in tumor tissues from
baseline following the respective single-agent lead-in, and this decrease was maintained
following combination therapy, indicating decreased cellular proliferation with the treat-
ment, regardless of agent sequencing. A difference in caspase positive tissues was noted
between the two lead-in groups, with stable or lower caspase levels as a marker of apoptosis
observed in patients in the alisertib lead-in group, as compared to an overall increase in the
patients in the sapanisertib lead-in group. The exception to this trend in the alisertib lead-in
group was a patient with HR+/HER2− breast cancer with stable disease on treatment
(A-2), for whom an increase in caspase to the highest level noted across both groups was
observed after combination therapy. Similarly, the one patient with stable disease in the
sapanisertib lead-in group (also HR+/HER2− breast cancer) (S-4) had significant increase
in caspase with combination therapy as compared to single-agent sapanisertib (Figure 4A
and Supplementary Figure S1).
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Figure 4

Figure 4. Pharmacodynamic effect of alisertib and sapanisertib as single agents followed by com-
bination therapy in tumor tissues. (A) Evaluation of 8 pharmacodynamic markers as assessed by
fluorescence microscopy in CK positive tissues from tumors of patients treated with single-agent
lead-in of alisertib (A-2, A-3, A-4, A-9,) or sapanisertib (S-2, S-4, S-5). Percentage change from
baseline was assessed in tissues from each patient following single-agent lead-in at C1D7 (red bars),
and following combination therapy at C2D7 (blue bars). (B) Senescence associated β-Galactosidase
staining in tissues of patients from both single-agent lead-in groups, with comparison to H and E
staining. Images were obtained at 20× magnification on an Olympus IX83 microscope.
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Decreased apoptosis in tissues from alisertib lead-in patients is consistent with prior work
indicating cellular senescence rather than apoptosis as a mechanism of resistance to alisertib
therapy [13,24]. Interestingly, overall higher levels of p21, a potential marker of senescence,
were seen in tumor tissues from patients in the sapanisertib lead-in group as compared to the
alisertib lead-in group. The importance of p53 in inducing apoptosis rather than senescence in
response to alisertib therapy has been previously described [24], and as such this marker was
also evaluated in the tissues. Tumor cells positive for p53 were decreased from baseline in all
patients following treatment with combination therapy, and in most patients with single-agent
lead-in of either agent (Figure 4A and Supplementary Figure S1).

To better assess senescence in these tumor tissues, SA-β-Gal testing was performed
at each treatment timepoint. In patients in the alisertib lead-in group, an initial increase
in SA-β-Gal staining consistent with an increase in senescent cells was seen, followed by
a decrease when sapanisertib was added in the two patients with liver as the biopsied
site (A-2 and A-4). The effect was less clear in the patient in this group with lymph node
biopsy (A-9). In patients in the sapanisertib lead-in group, a similar pattern of increase in
senescence was also seen in the one patient with response following sapanisertib alone,
with a decrease with combination therapy (S-4). This was not observed in the other patients
in this group (Figure 4B).

Cyclin B1 as a marker of cell cycle activation decreased in tumor tissues across all
patients and timepoints with a few exceptions. However, in the one patient in each group
with stable disease, Cyclin B1 increased with combination therapy after an initial decrease
in following monotherapy (A-2 and S-4) (Figure 4A and Supplementary Figure S1). A
decrease in mitotic division as evaluated by phospho-histone-H3 (pHH3) was demonstrated
in all biopsy samples following combination treatment, even when an increase was first
observed following treatment with either single-agent.

As expected, patients treated with the sapanisertib lead-in were noted to show a
decrease in phosphorylated S6 (Ser235/236) as a marker of mTOR pathway activation
across all timepoints. In patients in the alisertib lead-in group, the addition of sapanisertib
to alisertib led to a decrease in this marker in tissues as compared to treatment with alisertib
alone (Figure 4A).

Interestingly, an increase in CD45+CK- cells consistent with tumor-infiltrating immune
cells were observed in tumor tissues only in patients treated with the sapanisertib lead-in,
and further increased with combination therapy in two of these patients, one who experi-
enced progression as best response and one with stable disease (S-2 and S-4) (Figure 4A).
Additional testing to further evaluate the make-up of this immune cell population was
performed in these patients in the sapanisertib lead-in group, with comparison to two
patients in the alisertib lead-in group (A-2 and A-8). For all four patients, the tumor tissue
evaluated was a metastatic liver lesion, and all four patients also had an assessment of
liver metastases by functional imaging. One patient each in the alisertib lead-in group
(A-2) and the sapanisertib lead-in group (S-4) had HR+/HER2− breast cancer with best
response of stable disease. The other evaluated patients in the alisertib lead-in group (A-8)
and sapanisertib lead-in group (S-2) had colorectal cancer with best response of disease
progression. In tumor tissues of all four patients, an increase in CD56+ natural killer cells
was observed following treatment with both drugs (Supplementary Figure S2).

In one of the patients from each of the lead-in groups (A-2 and S-2), increases in
CD19+ tumor-infiltrating B cells, CD68+ tumor-associated macrophages, CD4+ and CD8+
T cells (CD3+), as well as FOXP3+ regulatory T cells, were also observed. A few notable
differences in the pattern of immune cell infiltration were seen between these two patients.
In the patient in the alisertib lead-in group (A-2) who experienced stable disease on study
treatment, a significant increase in both B cells and CD4+ T cells was seen with alisertib
alone, followed by a decrease with addition of sapanisertib, while CD8+ T cell infiltration
was relatively stable across these treatments. In the patient in the sapanisertib lead-in group
(S-2) with progressive disease on study treatment, a significant further increase in both B
cells and CD4+ T cells was observed with combination therapy as compared to single-agent
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sapanisertib. However, CD8+ T cell infiltration increased with sapanisertib alone, followed
by a significant decrease with combination therapy (Supplementary Figure S2).

4. Discussion

In an expansion cohort of patients treated with the combination of alisertib and
sapanisertib at the previously defined MTD, the toxicity profile was as expected, and AEs
were generally mild in severity. Overall clinical benefit was modest in this expansion cohort,
with best response of partial response in a single patient in the alisertib lead-in group with
HR+/HER2− breast cancer. An additional patient in this same group with pancreatic cancer
experienced prolonged stable disease of approximately 11 months. Further expansion in
a cohort of patients with refractory pancreatic adenocarcinoma was performed, with less
compelling results, though one patient in this cohort experienced an extended period of
stable disease of over 6 months, which was the second longest time on treatment across all
study groups.

Both examples of prolonged stable disease are highly clinically meaningful in patients
with refractory pancreatic cancer and suggest that there may be a subset of these patients
who are more likely to benefit from combination therapy with alisertib and sapanisertib.
Multiple systems of molecular subtyping for pancreatic cancer have been proposed accord-
ing to gene expression profile and transcriptional network analysis. Among the subsets
defined across these classification systems are those enriched for cell cycle effectors, in-
cluding TP53, as well as immune pathways [25]. When considered in the context of the
variability in apoptosis and immune activation noted across patients evaluated in the
correlative studies in this work, these described subsets may be relevant.

Variability in response to treatment in this study was not confined to patients in the
pancreatic cancer expansion cohort. Of the various tumor types represented in the expan-
sion cohorts, multiple patients with HR+/HER2− breast cancer (four out of seven) had
a median time on treatment at or beyond the median. This is in addition to a patient
with HR+/HER2− breast cancer who remained on alisertib and sapanisertib for nearly
11 months when treated below the RP2D of the combination in the dose-escalation portion
of this trial [16]. In a phase 2 randomized trial evaluating alisertib with or without estrogen
receptor antagonist fulvestrant in endocrine-resistant HR+/HER2− metastatic breast cancer,
notable clinical benefit was observed in both combination therapy as well as alisertib alone. In-
terestingly, this clinical activity included patients who had received prior therapy with mTOR
inhibitor everolimus [26]. Taken together, these data indicate that HR+/HER2− breast cancer
remains an area of interest for clinical evaluation of Aurora kinase combination therapies.

Results of correlative studies performed in expansion cohort patients, with a particular
focus on differences in the two lead-in groups, help to confirm the underlying mechanisms
that may contribute to some of the clinical variability noted. One such example is found
in the differing levels of tumor tissue caspase as a marker of apoptosis. Decreased levels
were noted in all patients in the alisertib lead-in group following treatment with alisertib
alone and remained low in all but one patient following combination therapy. This is in
contrast to caspase levels in the sapanisertib lead-in group, which were increased in most
cases. This is consistent with treatment-induced senescence in response to alisertib [13,24],
and is further supported by results of SA-β-Gal testing. Interestingly, the three patients
treated with a lead-in of alisertib who had a persistent decrease in caspase in tumor tissues
despite the addition of mTOR pathway activation experienced disease progression as
best response to treatment. However, the one patient in this group (A-2, HR+/HER2−
breast cancer) who had a notable increase in the apoptosis marker following addition of
sapanisertib had stable disease as best response. This is consistent with prior evidence
of mTOR pathway activation as a mechanism of resistance—de novo or acquired—to
alisertib, and the potential to overcome it with mTOR inhibition [16]. That the addition of
sapanisertib did not lead to this same response across all patients raises questions about
the additional factors that may contribute to resistance in this case. In prior pre-clinical
work, we have shown that p53 as well as p73 mediate sensitivity to aurora kinase inhibitors
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in mutant p53 knockdown models of TNBC [24]. In this study, p53 decreased across the
majority of patients and timepoints in both lead-in groups, without clear correlation to
trends in apoptosis markers. However, the effect of clinically relevant p53 mutations on
such response was not evaluated and remains an area for potential further exploration.

Additional correlative results of particular interest in this study are those evaluating
the immune microenvironment. Though it does not directly target the immune system,
alisertib has been shown to affect the immune microenvironment in a variety of solid
tumors, largely through increased infiltration of CD8+ T cells [27–29], which may facilitate
response to treatment [28]. One proposed mechanism for this is through the release of CCR5
by senescent cells, which in turn results in increased T cell infiltration [27]. In patients in
this study for whom tumor-infiltrating immune cells were evaluated in hepatic metastatic
tissues, two patients had a notable increase in CD8+ T cells as compared to baseline upon
initiation of single-agent therapy (A-2 and S-2). Interestingly, in the patient in the alisertib
lead-in group who experienced a best response of stable disease on study (A-2), levels of
infiltrating CD8+ T cells remained similar upon addition of sapanisertib. However, in the
patient in the sapanisertib lead-in group who had a best response of disease progression
(S-2), CD8+ T cells significantly increased with single-agent sapanisertib therapy, but
then notably decreased with combination therapy. This finding is consistent with data
implicating hepatic metastases as a site of disease contributing to reduced response to
cancer immunotherapy by drawing CD8+ T cells from systemic circulation and into hepatic
sites where they undergo apoptosis [30].

When considering functional imaging in the context of these results, it is notable that
both patients with CD8+ T cell infiltration had an initial increase in ADC by functional
imaging. However, the patient noted to have stable CD8+ T cells at C2D7 (A-2) had a
response of stable disease by imaging following three treatment cycles, while the patient
with a decline in CD8+ T cells (S-2) had progressive disease at the time of this first imaging
evaluation. It may be hypothesized that the progression of disease by imaging may have
occurred in the setting of reduced CD8+ T cells in the tumor microenvironment, as noted at
the C2D7 timepoint. However, the other two patients with matched functional imaging
and immune cell evaluation in tumor tissues did not have a change in baseline values
of CD8+ T cells following either single-agent or combination therapy, and had variable
responses of progressive disease, and stable disease, respectively. Though no conclusions
can be drawn based on this limited correlative data, it suggests that better understanding of
the immune microenvironment of hepatic metastases may be relevant to cancer therapies
not considered as immune-targeted.

5. Conclusions

In conclusion, dual targeting of the Aurora A kinase and mTOR resulted in marginal
clinical benefit in a population of patients with refractory solid tumors, including a cohort of
patients with pancreatic adenocarcinoma. Within this population are represented individual
patients with significant response, which may be related to the unique gene expression and
transcriptional profiles of these patients that lead to variability in apoptosis and immune
infiltration of tumors, among other factors. Further assessment of these characteristics,
with particular consideration of the variability that may occur in the presence of hepatic
metastases, should be considered in future studies of these agents.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cancers16081456/s1, Table S1: Patient outcomes by tumor type across
all cohorts. Table S2: Treatment-related adverse events attributed to one or both drugs occurring
in at least 10% of patients across treatment groups. Figure S1: Representative images from tissue
specimens from select patients in the solid tumor expansion cohort at baseline, following 1 week of
single agent therapy with alisertib (A) or sapanisertib (S) (C1D7) and following 1 week of combination
treatment (C2D7). Multi-spectral imaging was performed using a Perkin Elmer Vectra 3 instrument
using the 20× objective with a 0.5-micron resolution. Figure S2: Evaluation of tumor-infiltrating
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immune cells in liver metastases of patients treated with alisertib and sapanisertib as single agents
followed by combination therapy.

Author Contributions: Conceptualization, J.R.D., N.J.S. and T.M.P.; methodology, J.R.D., N.J.S., K.R.J.
and T.M.P.; software, J.R.D., N.J.S., K.R.J. and T.M.P.; validation, J.R.D., N.J.S., K.R.J., T.M.P., S.L.D.,
S.G.S. and E.D.D.; formal analysis, J.R.D., N.J.S., K.R.J., T.M.P., S.L.D., S.G.S. and E.D.D.; investigation,
J.R.D., S.L.D., W.A.M., W.T.P., E.T.L., B.R.C., A.D.L., C.H.L., C.L.O., S.G.S., E.D.D., N.J.S. and T.M.P.;
resources, J.R.D., N.J.S., K.R.J. and T.M.P.; data curation, J.R.D., N.J.S., K.R.J., T.M.P., S.L.D., S.G.S. and
E.D.D.; writing—original draft preparation, S.L.D., N.J.S. and J.R.D.; writing—review and editing,
J.R.D., S.L.D., W.A.M., W.T.P., E.T.L., B.R.C., A.D.L., C.H.L., C.L.O., S.G.S., E.D.D., K.R.J., N.J.S. and
T.M.P.; visualization, J.R.D., N.J.S., K.R.J., T.M.P. and S.L.D.; supervision, J.R.D., N.J.S. and T.M.P.;
project administration, J.R.D.; funding acquisition, J.R.D. All authors have read and agreed to the
published version of the manuscript.

Funding: Dr. Jennifer R. Diamond received funding to her institution from Takeda Pharmaceuticals
for the work described as an investigator initiated trial. Dr. S. Lindsey Davis received funding
support from NCI 5K12CA086913-17.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Colorado Multiple Institutional Review Board (15-1135, initial
approval 3 March 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data not included in the manuscript are not provided in order to
respect patient privacy. Additional details available on request from the corresponding author.

Acknowledgments: We wish to thank the Human Immune Monitoring Shared Resource
(RRID:SCR_021985) within the University of Colorado Human Immunology and Immunotherapy
Initiative and the University of Colorado Cancer Center (P30CA046934) for their expert assistance
in analysis of immune correlates. We also wish to thank the Pathology Shared Resource within the
University of Colorado Cancer Center (P30CA046934) for their work in preparing tissues for analysis.
We also acknowledge the support of the Women’s Cancer Developmental Therapeutics Program,
University of Colorado Cancer Center (P30CA046934).

Conflicts of Interest: Jennifer Diamond received research funding to her institution from Takeda
Pharmaceuticals for this trial. The funders had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish
the results.

References
1. Yan, M.; Wang, C.; He, B.; Yang, M.; Tong, M.; Long, Z.; Liu, B.; Peng, F.; Xu, L.; Zhang, Y.; et al. Aurora-A Kinase: A Potent

Oncogene and Target for Cancer Therapy. Med. Res. Rev. 2016, 36, 1036–1079. [CrossRef] [PubMed]
2. Karthigeyan, D.; Prasad, S.B.B.; Shandilya, J.; Agrawal, S.; Kundu, T.K. Biology of Aurora A kinase: Implications in cancer

manifestation and therapy. Med. Res. Rev. 2010, 31, 757–793. [CrossRef] [PubMed]
3. Zheng, D.; Li, J.; Yan, H.; Zhang, G.; Li, W.; Chu, E.; Wei, N. Emerging roles of Aurora-A kinase in cancer therapy resistance. Acta

Pharm. Sin. B 2023, 13, 2826–2843. [CrossRef] [PubMed]
4. Du, R.; Huang, C.; Liu, K.; Li, X.; Dong, Z. Targeting AURKA in Cancer: Molecular mechanisms and opportunities for Cancer

therapy. Mol. Cancer 2021, 20, 1–27. [CrossRef] [PubMed]
5. Mou, P.K.; Yang, E.J.; Shi, C.; Ren, G.; Tao, S.; Shim, J.S. Aurora kinase A, a synthetic lethal target for precision cancer medicine.

Exp. Mol. Med. 2021, 53, 835–847. [CrossRef] [PubMed]
6. Puma Biotechnology Receives FDA Orphan Drug Designation for Alisertib for the Treatment of Small Cell Lung Cancer.

Available online: https://investor.pumabiotechnology.com/news-releases/news-details/2023/Puma-Biotechnology-Receives-
FDA-Orphan-Drug-Designation-for-Alisertib-for-the-Treatment-of-Small-Cell-Lung-Cancer/ (accessed on 21 September 2023).

7. Tayyar, Y.; Jubair, L.; Fallaha, S.; McMillan, N.A. Critical risk-benefit assessment of the novel anti-cancer aurora a kinase inhibitor
alisertib (MLN8237): A comprehensive review of the clinical data. Crit. Rev. Oncol. 2017, 119, 59–65. [CrossRef]

8. Burris, H.A., 3rd. Overcoming acquired resistance to anticancer therapy: Focus on the PI3K/AKT/mTOR pathway. Cancer
Chemother. Pharmacol. 2013, 71, 829–842. [CrossRef] [PubMed]

9. Zou, Z.; Tao, T.; Li, H.; Zhu, X. mTOR signaling pathway and mTOR inhibitors in cancer: Progress and challenges. Cell Biosci.
2020, 10, 1–11. [CrossRef]

10. Carew, J.S.; Kelly, K.R.; Nawrocki, S.T. Mechanisms of mTOR inhibitor resistance in cancer therapy. Target. Oncol. 2011, 6, 17–27.
[CrossRef]

https://doi.org/10.1002/med.21399
https://www.ncbi.nlm.nih.gov/pubmed/27406026
https://doi.org/10.1002/med.20203
https://www.ncbi.nlm.nih.gov/pubmed/20196102
https://doi.org/10.1016/j.apsb.2023.03.013
https://www.ncbi.nlm.nih.gov/pubmed/37521867
https://doi.org/10.1186/s12943-020-01305-3
https://www.ncbi.nlm.nih.gov/pubmed/33451333
https://doi.org/10.1038/s12276-021-00635-6
https://www.ncbi.nlm.nih.gov/pubmed/34050264
https://investor.pumabiotechnology.com/news-releases/news-details/2023/Puma-Biotechnology-Receives-FDA-Orphan-Drug-Designation-for-Alisertib-for-the-Treatment-of-Small-Cell-Lung-Cancer/
https://investor.pumabiotechnology.com/news-releases/news-details/2023/Puma-Biotechnology-Receives-FDA-Orphan-Drug-Designation-for-Alisertib-for-the-Treatment-of-Small-Cell-Lung-Cancer/
https://doi.org/10.1016/j.critrevonc.2017.09.006
https://doi.org/10.1007/s00280-012-2043-3
https://www.ncbi.nlm.nih.gov/pubmed/23377372
https://doi.org/10.1186/s13578-020-00396-1
https://doi.org/10.1007/s11523-011-0167-8


Cancers 2024, 16, 1456 15 of 15

11. Kirubakaran, S.; Shaik, A. Evolution of PIKK family kinase inhibitors A new age cancer therapeutics. Front. Biosci. 2020, 25,
1510–1537. [CrossRef]

12. Schenone, S.; Brullo, C.; Musumeci, F.; Radi, M.; Botta, M. ATP-competitive inhibitors of mTOR: An update. Curr. Med. Chem.
2011, 18, 2995–3014. [CrossRef] [PubMed]

13. Ionkina, A.A.; Tentler, J.J.; Kim, J.; Capasso, A.; Pitts, T.M.; Ryall, K.A.; Howison, R.R.; Kabos, P.; Sartorius, C.A.; Tan, A.C.; et al.
Efficacy and Molecular Mechanisms of Differentiated Response to the Aurora and Angiogenic Kinase Inhibitor ENMD-2076 in
Preclinical Models of p53-Mutated Triple-Negative Breast Cancer. Front. Oncol. 2017, 7, 94. [CrossRef] [PubMed]

14. Zhang, W.; Xia, D.; Li, Z.; Zhou, T.; Chen, T.; Wu, Z.; Zhou, W.; Li, Z.; Li, L.; Xu, J. Aurora-A/ERK1/2/mTOR axis promotes
tumor progression in triple-negative breast cancer and dual-targeting Aurora-A/mTOR shows synthetic lethality. Cell Death Dis.
2019, 10, 606. [CrossRef] [PubMed]

15. Xu, L.-Z.; Long, Z.-J.; Peng, F.; Liu, Y.; Xu, J.; Wang, C.; Jiang, L.; Guo, T.; Kamran, M.; Li, S.-S.; et al. Aurora kinase A suppresses
metabolic stress-induced autophagic cell death by activating mTOR signaling in breast cancer cells. Oncotarget 2014, 5, 7498–7511.
[CrossRef] [PubMed]

16. Davis, S.L.; Ionkina, A.A.; Bagby, S.M.; Orth, J.D.; Gittleman, B.; Marcus, J.M.; Lam, E.T.; Corr, B.R.; O’Bryant, C.L.; Glode, A.E.;
et al. Preclinical and Dose-Finding Phase I Trial Results of Combined Treatment with a TORC1/2 Inhibitor (TAK-228) and Aurora
A Kinase Inhibitor (Alisertib) in Solid Tumors. Clin. Cancer Res. 2020, 26, 4633–4642. [CrossRef] [PubMed]

17. Taouli, B.; Koh, D.-M. Diffusion-weighted MR Imaging of the Liver. Radiology 2010, 254, 47–66. [CrossRef] [PubMed]
18. Padhani, A.R.; Liu, G.; Mu-Koh, D.; Chenevert, T.L.; Thoeny, H.C.; Takahara, T.; Dzik-Jurasz, A.; Ross, B.D.; Van Cauteren, M.;

Collins, D.; et al. Diffusion-Weighted Magnetic Resonance Imaging as a Cancer Biomarker: Consensus and Recommendations.
Neoplasia 2009, 11, 102–125. [CrossRef]

19. Jordan, K.R.; Sikora, M.J.; Slansky, J.E.; Minic, A.; Richer, J.K.; Moroney, M.R.; Hu, J.; Wolsky, R.J.; Watson, Z.L.; Yamamoto, T.M.;
et al. The Capacity of the Ovarian Cancer Tumor Microenvironment to Integrate Inflammation Signaling Conveys a Shorter
Disease-free Interval. Clin. Cancer Res. 2020, 26, 6362–6373. [CrossRef]

20. Johnson, K. phenoptrReports: Create Reports Using Phenoptics Data. 2022. Available online: https://akoyabio.github.io/
phenoptrReports/ (accessed on 7 February 2024).

21. syngo.MR General Engine. Available online: https://www.siemens-healthineers.com/en-us/magnetic-resonance-imaging/
options-and-upgrades/clinical-applications/syngo-mr-general-engine (accessed on 7 February 2024).

22. Bilreiro, C.; Andrade, L.; Marques, R.M.; Matos, C. Diffusion-weighted imaging for determining response to neoadjuvant therapy
in pancreatic cancer: A systematic review and meta-analysis. Eur. Radiol. 2023, 1–11. [CrossRef]

23. Schreuder, S.M.; Lensing, R.; Stoker, J.; Bipat, S. Monitoring treatment response in patients undergoing chemoradiotherapy for
locally advanced uterine cervical cancer by additional diffusion-weighted imaging: A systematic review. J. Magn. Reson. Imaging
2015, 42, 572–594. [CrossRef]

24. Tentler, J.J.; Ionkina, A.A.; Tan, A.C.; Newton, T.P.; Pitts, T.M.; Glogowska, M.J.; Kabos, P.; Sartorius, C.A.; Sullivan, K.D.; Espinosa,
J.M.; et al. p53 Family Members Regulate Phenotypic Response to Aurora Kinase A Inhibition in Triple-Negative Breast Cancer.
Mol. Cancer Ther. 2015, 14, 1117–1129. [CrossRef] [PubMed]

25. Collisson, E.A.; Bailey, P.; Chang, D.K.; Biankin, A.V. Molecular subtypes of pancreatic cancer. Nat. Rev. Gastroenterol. Hepatol.
2019, 16, 207–220. [CrossRef] [PubMed]

26. Haddad, T.C.; Suman, V.J.; D’Assoro, A.B.; Carter, J.M.; Giridhar, K.V.; McMenomy, B.P.; Santo, K.; Mayer, E.L.; Karuturi, M.S.;
Morikawa, A.; et al. Evaluation of Alisertib Alone or Combined with Fulvestrant in Patients With Endocrine-Resistant Advanced
Breast Cancer: The Phase 2 TBCRC041 Randomized Clinical Trial. JAMA Oncol. 2023, 9, 815–824. [CrossRef] [PubMed]

27. Vilgelm, A.E.; Johnson, C.A.; Prasad, N.; Yang, J.; Chen, S.-C.; Ayers, G.D.; Pawlikowski, J.S.; Raman, D.; Sosman, J.A.; Kelley, M.;
et al. Connecting the Dots: Therapy-Induced Senescence and a Tumor-Suppressive Immune Microenvironment. JNCI J. Natl.
Cancer Inst. 2015, 108, djv406. [CrossRef]

28. Yin, T.; Zhao, Z.-B.; Guo, J.; Wang, T.; Yang, J.-B.; Wang, C.; Long, J.; Ma, S.; Huang, Q.; Zhang, K.; et al. Aurora A Inhibition
Eliminates Myeloid Cell–Mediated Immunosuppression and Enhances the Efficacy of Anti–PD-L1 Therapy in Breast Cancer.
Cancer Res 2019, 79, 3431–3444. [CrossRef] [PubMed]

29. Han, J.; Jiang, Z.; Wang, C.; Chen, X.; Li, R.; Sun, N.; Liu, X.; Wang, H.; Hong, L.; Zheng, K.; et al. Inhibition of Aurora-A Promotes
CD8+ T-Cell Infiltration by Mediating IL10 Production in Cancer Cells. Mol. Cancer Res. 2020, 18, 1589–1602. [CrossRef]

30. Yu, J.; Green, M.D.; Li, S.; Sun, Y.; Journey, S.N.; Choi, J.E.; Rizvi, S.M.; Qin, A.; Waninger, J.J.; Lang, X.; et al. Liver metastasis
restrains immunotherapy efficacy via macrophage-mediated T cell elimination. Nat. Med. 2021, 27, 152–164. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2741/4866
https://doi.org/10.2174/092986711796391651
https://www.ncbi.nlm.nih.gov/pubmed/21651476
https://doi.org/10.3389/fonc.2017.00094
https://www.ncbi.nlm.nih.gov/pubmed/28555173
https://doi.org/10.1038/s41419-019-1855-z
https://www.ncbi.nlm.nih.gov/pubmed/31406104
https://doi.org/10.18632/oncotarget.2241
https://www.ncbi.nlm.nih.gov/pubmed/25115395
https://doi.org/10.1158/1078-0432.CCR-19-3498
https://www.ncbi.nlm.nih.gov/pubmed/32414750
https://doi.org/10.1148/radiol.09090021
https://www.ncbi.nlm.nih.gov/pubmed/20032142
https://doi.org/10.1593/neo.81328
https://doi.org/10.1158/1078-0432.CCR-20-1762
https://akoyabio.github.io/phenoptrReports/
https://akoyabio.github.io/phenoptrReports/
https://www.siemens-healthineers.com/en-us/magnetic-resonance-imaging/options-and-upgrades/clinical-applications/syngo-mr-general-engine
https://www.siemens-healthineers.com/en-us/magnetic-resonance-imaging/options-and-upgrades/clinical-applications/syngo-mr-general-engine
https://doi.org/10.1007/s00330-023-10381-0
https://doi.org/10.1002/jmri.24784
https://doi.org/10.1158/1535-7163.MCT-14-0538-T
https://www.ncbi.nlm.nih.gov/pubmed/25758253
https://doi.org/10.1038/s41575-019-0109-y
https://www.ncbi.nlm.nih.gov/pubmed/30718832
https://doi.org/10.1001/jamaoncol.2022.7949
https://www.ncbi.nlm.nih.gov/pubmed/36892847
https://doi.org/10.1093/jnci/djv406
https://doi.org/10.1158/0008-5472.CAN-18-3397
https://www.ncbi.nlm.nih.gov/pubmed/30902796
https://doi.org/10.1158/1541-7786.MCR-19-1226
https://doi.org/10.1038/s41591-020-1131-x

	Introduction 
	Materials and Methods 
	Patient Selection 
	Study Design 
	Correlative Studies 
	Functional Imaging 
	Tumor Tissue Evaluation 

	Statistical Methods 

	Results 
	Clinical Outcomes 
	Solid Tumor Expansion Cohort 
	Pancreatic Cancer Expansion Cohort 

	Toxicities 
	Correlative Studies 
	Functional Imaging 
	Tumor Tissue Analysis 


	Discussion 
	Conclusions 
	References

