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Abstract

Oncolytic measles virus (MV) strains have demonstrated broad spectrum preclinical anti-tumor, 

including breast cancer. Aurora A kinase controls mitotic spindle formation and plays a critical 

role in malignant transformation. We hypothesized that, by causing mitotic arrest, the Aurora A 

kinase inhibitor MLN8237 (alisertib) can increase MV oncolytic effect and efficacy. Alisertib 

enhanced MV oncolysis in vitro and significantly improved outcome in vivo against breast cancer 

xenografts. In a disseminated MDA-231-lu-P4 lung metastatic model, the MV/alisertib 

combination treatment markedly increased median survival to 82.5 days with 20% of the animals 

being long term survivors vs. 48 days median survival for the control animals. Similarly, in a 

pleural effusion model of advanced breast cancer, the MV/alisertib combination significantly 

improved outcome with a 74.5 day median survival versus the single agent groups (57 and 40 days 

respectively). Increased viral gene expression and IL-24 upregulation were demonstrated, 

representing possible mechanisms for the observed increase in antitumor effect. Inhibiting Aurora 

A kinase with alisertib represents a novel approach to enhance measles virus-mediated oncolysis 

and antitumor effect. Both oncolytic MV strains and alisertib are currently tested in clinical trials, 

this study therefore provides the basis for translational applications of this combinatorial strategy 

in the treatment of patients with advanced breast cancer.
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Introduction

Breast cancer is the most common malignancy in women with more than 230,000 newly 

diagnosed cases annually in the USA.1 Despite the progress made, metastatic breast cancer 

is still considered an incurable disease causing almost 40,000 deaths every year. 
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Development of novel drug classes and treatment strategies is critical in order to improve 

outcome.

Oncolytic virotherapy, using replication competent viruses, is a novel approach in cancer 

treatment with ongoing phase I/III clinical trials in cancer patients, although breast cancer 

specific studies have not yet been performed.2 Measles virus (MV) vaccine derivative strains 

represent promising oncolytic agents with potent anti-tumor efficacy demonstrated in 

preclinical testing against different human solid tumors, including breast cancer.3–5 MV is a 

paramyxovirus with negative-stranded RNA genome encoding eight viral proteins.6 MV has 

a lipoprotein envelope and two surface glycoproteins H and F that mediate attachment and 

entry into the cells. Attenuated MV strains use CD46, SLAM and nectin-4 as surface 

receptors in human cells.7–9 MV infection spreads by cell-to-cell fusion causing 

characteristic cytopathic effect of large syncytia formation and subsequent apoptotic death 

of infected cells.

In previous studies we have demonstrated that MV has significant oncolytic effect against 

metastatic human breast cancer xenograft models.3 MV was capable to infect and destroy 

human breast cancer cells independent of their hormone receptor or HER2-neu status,5 and 

therefore it is lacking cross-resistance with other therapies commonly employed in breast 

cancer treatment. Genetically engineered expression of immunomodulatory transgenes, such 

as the Helicobacter pylori neutrophil-activating protein (NAP), a toll-like receptor 2 

agonist,10–12 enhanced MV oncolytic effect and significantly improved median survival in 

models of lung metastatic and malignant pleural effusion breast cancer models.4 This was in 

part mediated by NAP-mediated attraction of immune cells and induction of pro-

inflammatory cytokine release with anti-proliferative effect on breast cancer cells, such as 

TNF-α.4 These results encouraged development of combinatorial strategies with drugs that 

can further augment viral oncolysis.

Aurora A kinase is a member of serine/threonine kinase family with crucial role in cell cycle 

progression and cytokinesis. Aurora A kinase localizes to centrosomes and its function is 

regulated by phosphorylation-mediated activation and degradation.13 Aurora A kinase 

activity controls mitotic spindle formation and G2 to M phase cell cycle transition.14 Aurora 

A kinase overexpression induces genetic instability, interferes with SMAD5 pathway in 

promoting tumor invasiveness and distant metastasis formation in estrogen receptor positive 

(ER+) breast cancer,15 and it is associated with worse outcome in breast cancer 

patients.16, 17

Small molecule inhibitors of Aurora A kinase have been proposed for treatment of solid 

tumors and hematological malignancies.18 MLN8237 (alisertib) is an orally administered 

selective Aurora A kinase inhibitor with potent antiproliferative activity, currently being 

tested in phase I/phase II clinical trials.19–22 Since alisertib acts as a mitotic inhibitor, we 

hypothesized that it could augment MV oncolysis and efficacy in the treatment of advanced 

breast cancer. Of note, alisertib blocks cell cycle progression without direct damaging effect 

on DNA replication, gene transcription and protein synthesis. Thus, it is not expected that 

alisertib would negatively interfere with oncolytic virus replication, or increase viral genome 

mutagenesis.
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The experiments presented in this manuscript demonstrate increased therapeutic efficacy of 

oncolytic MV in combination with the orally administered Aurora A kinase inhibitor 

alisertib against metastatic breast cancer pleural effusion and lung metastases xenograft 

models, suggesting that this combinatorial approach should be pursued translationally as a 

novel strategy for the treatment of breast cancer patients.

Materials and Methods

Cell lines and MV strains

African green monkey Vero cells and human breast cancer MCF-7 and MDA-MB-231 cell 

lines were purchased from American Type Culture Collection (ATCC). In vivo passaged 

MDA-MB-231 derivative cells expressing a firefly luciferase (F-lu) reporter expressing 

MDA231-lu-P3 and P4 cells were isolated and grown as described previously.3 MV 

encoding green fluorescent protein (MV-GFP) reporter,23 MV expressing human lambda 

immunoglobulin chain (MV-lambda) reporter gene24 and MVs expressing secretory forms 

of Helicobacter pylori neutrophil-activating protein transgene MV-s-NAP and MV-lambda-

NAP25 are genetically engineered strains deriving from the MV Edmonston vaccine strain 

platform, and have been constructed as previously described.12 A schematic diagram of 

these strains is provided in Fig. 1. Propagation of MV strains, evaluation of virus growth 

kinetics in tumor cells and virus titration on Vero cells were performed as described 

previously.25 Virus titers were determined in tissue-culture infectious dose 50% (TCID50) 

according to the Karber’s formula.26

Cell viability assay

Inhibitory concentration 50% (IC50) of alisertib (Takeda Pharmaceuticals) against breast 

cancer cells in vitro was determined using MTT cell viability assay (ATCC). Briefly, breast 

cancer cells (5,000/well) were transferred to 96-well plates (Falcon) and treated with 

increasing concentrations of alisertib or vehicle control solution. At different time points, 

plates were incubated with MTT for 4 h and the assay was performed according to the 

manufacturer’s instructions (ATCC). IC50 was determined using GraphPad Prism 5.0 

computer software (GraphPad Software).

For combination treatment, cells were treated with IC50 concentration of alisertib 2 h or 48 h 

prior to inoculation with MV strains at a multiplicity of infection (MOI) of 0.1 and 1. The 

anti-tumor effect of combination treatment was compared to those of samples treated with 

MV or alisertib alone.

Changes in cell morphology upon alisertib treatment and MV induced cytopathic effect in 

breast cancer cells were evaluated by light and fluorescent microscopy.

Gene microarray and quantitative real-time PCR (QRT-PCR)

MDA-231-P4 breast cancer cells were pre-treated for 48 h with 1 μM of alisertib and 

subsequently infected with MV-GFP at an MOI=2.0. The total RNA was extracted 

following 12-h incubation with MV-GFP using RNeasy kit (Qiagen) and gene expression 

was analyzed using Affymetrix Human U133 Plus 2.0 array (Ilumina). Combined treatment 
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results were compared to those of untreated control cells or cells treated with alisertib or MV 

alone.

IL-24 gene expression was confirmed by QRT-PCR in MDA231-lu-P4 cells treated as 

described above. The assay was performed using IL-24-specific primers and One-step RT-

PCR master mix reagents kit (Applied Biosystems). Induction of IL-24 expression in the 

treated cells was calculated as relative to 18S ribosomal RNA levels. Data were analyzed 

and presented as a fold-change in gene expression vs. control cells.

Immunoblotting for Aurora A kinase expression

Cell lysates from MDA231-lu-P4 or MCF-7 cells were prepared and analyzed by 

immunoblotting using an Aurora A specific polyclonal antibody (Cell Signaling) as 

described previously.27 Monoclonal antibody against α-tubulin (Sigma) was used as control 

to ensure equal protein load.

Expression of lambda chain transgene by MV-lambda infected cells

Breast cancer MDA231-lu-P4 cells were pre-treated with 1 μM of alisertib for 48 h prior to 

inoculation with MOI=0.1 of MV-lambda in 12-well plates (Nunc). Supernatants were 

collected and analyzed for lambda chain concentration using human lambda chain specific 

ELISA (Bethyl Laboratories) as described previously.24 Results were calculated as lambda 

light chain production by 106 infected cells.

Combination MV/alisertib therapy against metastatic breast cancer xenografts in vivo

Female athymic nude mice (4–5-week-old) were purchased from Harlan (Indianapolis, IN). 

All animal experimental protocols were reviewed and approved by the Institutional Animal 

Care and Use Committee.

For treatment of lung metastases, 5-week-old female athymic nude mice were engrafted with 

106 MDA-231-lu-P4 cells injected i.v. in the tail vein. On day 3 post-engraftment, mice 

were imaged to ensure lung engraftment using the Xenogen IVIS-200 System (Caliper Life 

Sciences) as described previously.3 Animals were arranged in groups (n=10–11) with 

comparable tumor burden as determined by bioluminescence intensity. Alisertib was 

dissolved in phosphate-buffered saline (PBS) with 20% β-cyclodextrin (Sigma) and mixed 

1:1 prior to animal treatment with 2% solution of sodium bicarbonate. Mice received 30 

mg/kg daily dose of alisertib in 0.2 ml final volume administered by oral gavage starting on 

day 5 post-engraftment – five doses per week for three weeks (15 doses total). MV-lambda-

NAP was resuspended in 0.1 ml PBS (2×106 TCID50 per injection) and injected i.v. 48 h 

after the start of the alisertib therapy. MV injection was repeated twice per week during the 

course of alisertib treatment – six injections of 2×106 TICD50 for a total does of 1.2×107 

TCID50 of MV-lambda-NAP. Survival of the treated groups was compared to the control 

animals treated with the alisertib vehicle and heat-inactivated (incubated at 60°C for 1h).

In the pleural effusion model,4 2×106 MDA-231-lu-P3 cells resuspended in 0.01 ml PBS 

were implanted by transthoracic (t.t.) injection into the left pleural cavity of 5-week-old 

athymic mice. On day 7, engraftment of the breast cancer tumor deposits in the pleural space 
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was confirmed by bioluminescence imaging (Xenogen IVIS-200 System) and animals were 

randomly assigned into groups (n=9–10). Starting on day 7, mice were treated with 30 

mg/kg daily dose of alisertib delivered by oral gavage for three weeks as described for the 

lung metastatic model. Control groups received vehicle solution orally. Mice were treated 

once per week on day 7, 13 and 19 with 5×105 TCID50 of MV-s-NAP strain in 0.05 ml by 

t.t. injection. Animals were monitored daily and were euthanized when breathing difficulties 

and/or 20% weight loss developed.

Statistical analysis

Data statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad 

Software, San Diego CA). In vivo results were plotted in Kaplan-Meyer curves and group 

survival was compared by the log-rank test. Prolongation of the median survival was 

considered statistically significant if p<0.05 between the analyzed groups.

Results

The effect of alisertib treatment on breast cancer cell lines in vitro

Alisertib resulted in a strong inhibitory effect on breast cancer cell proliferation at 5–7 day 

post-treatment. The drug-induced cell proliferation arrest was associated with accumulation 

of giant cells with >2–4-fold larger diameter, which became prominent following 48–72 h of 

incubation (Fig. 2A). Since alisertib inhibits centrosome formation and cell division, these 

morphologic changes correspond to cells with enlarged mass that cannot successfully 

complete mitotic division. As expected, the impact of Aurora A kinase inhibition was 

concentration dependent for both MCF-7 and MDA231-lu-P4 cell lines. IC50 of alisertib for 

MCF-7 was calculated between 63.3 and 74.8 nM, while the IC50 for the MDA231-lu-P4 

line was 220 nM.

MLN increased MV oncolytic effect against breast cancer cells

Pretreatment of breast cancer cells in the presence of alisertib at the IC50 concentration, 48 h 

before infection with MV, improved the in vitro anti-tumor effect of virotherapy. In MCF-7 

cells, MV-s-NAP infection at a high MOI (1), completely destroyed the cell monolayers by 

day 7 and thus the alisertib effect could not be easily detected. In contrast, at a lower MOI 

(0.1) MV-s-NAP infection reduced MCF-7 cell viability, but did not eradicate the MCF-7 

cells (Fig. 3A,B). In this setting, alisertib pre-treatment increased MV-mediated tumor 

killing resulting in complete eradication of breast cancer cell monolayers. A similar impact 

of alisertib on the MV anti-tumor effect was observed in MDA231-lu-P4 cells. Pre-treatment 

with 200 nM alisertib significantly enhanced the anti-tumor effect following infection of 

MV-s-NAP at both high and low MOIs. At an MOI=1, MV-s-NAP infection at the presence 

of Aurora A kinase inhibitor resulted in complete elimination of MDA231-lu-P4 cells by 

day 7, while virus infection alone was able to eliminate approximately 90% of the tumor 

cells (Fig. 3C,D). Alisertib significantly boosted the MV oncolytic effect at an MOI=0.1, 

resulting in more 97% cell death vs. 74% for MV alone.
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Combination therapy with alisertib significantly increased MV transgene expression. 

Alisertib-pretreatment resulted in more than 4-fold increase (p<0.001) of lambda chain 

(transgene) release per 106 infected cells (Fig. 4A), indicating increased viral proliferation.

Gene microarray data in treated MDA231-lu-PA cells showed that alisertib treatment alone 

triggered >4-fold overexpression of more than 35 genes, including cytokines, such as 

interleukin-1α (IL-1α), IL-11 and IL-24. MV infection, however, did not significantly alter 

the expression profile of alisertib-treated cells (data not shown). One of the alisertib-induced 

genes, IL-24 is known to exert potential synergistic effect with oncolytic viruses against 

breast cancer cells.28 MLN-8237-stimulated IL-24 gene transcription in MDA231-lu-P4 

cells, which was further confirmed by QRT-PCR (Fig. 4B). Alisertib alone or in 

combination with MV triggered significant IL-24 expression with a 9.7-fold increase in 

expression for alisertib treatment alone versus 12.6-fold increase for the alisertib/MV 

combination following a 24-h incubation. In contrast, MV infection alone had no effect on 

IL-24 gene expression as compared to the control cells.

Alisertib enhanced MV anti-tumor effect against metastatic breast cancer animal models

Both MV-lambda-NAP and alisertib therapy as single agents significantly (p<0.05) 

improved survival of mice with disseminated MDA231-lu-P4 metastases to the lungs (Fig. 

5). Nevertheless, median survival was only modestly prolonged by 15–20% following single 

agent treatment: 48 days for the control versus 56 days for the MV-lambda-NAP treated 

group and 57 days for the alisertib plus inactivated MV treated group respectively. In 

contrast, the combined treatment approach further improved survival to 82.5 days for mice 

treated with the alisertib/MV-lambda-NAP combination as compared to the control group 

(p<0.001). In addition, 20% of the mice in this highly aggressive xenograft model were 

cured following combination treatment.

In a pleural effusion MDA231-lu-P3 model of metastatic breast cancer, 3 repeat 

transthoracic injections of 5×105 TCID50 of MV-s-NAP had significant therapeutic efficacy 

with a more than twice improvement in median survival; 57 days vs. 27.5 days for the 

control group (p<0.001, Fig. 6). Alisertib treatment alone also prolonged median survival by 

12.5 days as compared to control mice (p=0.001). Combination of MV with alisertib further 

and significantly increased the observed MV anti-tumor effect with a 74.5 day median 

survival as compared to 57 days with MV-s-NAP single agent therapy (p=0.019) or 40 days 

with MLN therapy (p=0.005).

These in vivo results further support that the Aurora A inhibitor alisertib not only does not 

inhibit MV replication in tumor cells, but it can significantly augment the therapeutic 

efficacy of oncolytic MV-strains in the systemic treatment of advanced breast cancer.

Discussion

Development of combinatorial therapeutic strategies with oncolytic viruses has a higher 

likelihood of success if agents that target cellular pathways, not interfering with viral 

replication are employed. We hypothesized that selective molecular targeting of Aurora A 

kinase using a small molecule inhibitor represents a promising strategy in order to boost 
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oncolytic virus activity, particularly for viruses infecting and replicating in metabolically 

active and dividing cells. Deregulation of centrosome formation and blockade of mitotic 

cycle by Aurora A kinase inhibitors would be expected to facilitate viral replication without 

having an adverse impact on the cellular nucleic acid and protein synthesis machinery, 

required for replication of intracellular parasites such as viruses.29

Alisertib is an Aurora A kinase inhibitor, results from pharmacokinetics/pharmacodynamics 

and dose escalation studies in cancer patients have demonstrated excellent safety.30, 31 In 

preclinical studies, alisertib enhanced the anti-tumor effect of other small molecule cell 

cycle inhibitors such as histone-deacetylase inhibitors, mTOR inhibitors or chemotherapy 

agents such as cisplatin, when administered in combination against solid tumors, including 

breast cancer.32–34 Clinical testing in breast cancer as a single agent and in combinatorial 

strategies with chemotherapy agents such as paclitaxel and hormonal agents such as 

Fulvestrant is ongoing. In this study, we compared the combination of alisertib plus 

oncolytic MV treatment to single agent treatment against aggressive breast cancer xenograft 

models in athymic mice. In both malignant pleural effusion and lung metastatic models, 

combination therapy was significantly superior as compared to single agent treatment. The 

dose of 30 mg/kg for alisertib that we employed in our studies is clinically relevant to the 

dose employed in humans,35 and significantly enhanced the MV therapeutic effect even in 

Aurora A kinase overexpressing lines such as MDA-231-lu-P3-P4 derivative cells.

Alisertib at the IC50 concentration boosted MV-mediated cytolysis of breast cancer lines in 

vitro. Aurora A inhibition led to mitotic arrest and appearance of very large cells that 

accumulated the cytoplasm of undivided parental cells within 48 h. These cells were viable 

for 4–5 more days, which represented adequate time for MV to accomplish several 

replication cycles. Targeting the alisertib-enlarged cells and utilizing their cell machinery for 

virus replication and virus protein production by oncolytic MV could lead in increased viral 

gene expression, which could explain the enhancement of the combinatorial therapeutic 

effect. This hypothesis is supported by the observed >4 fold increase in the lambda chain 

(transgene) protein production in MV-infected, alisertib-treated cells. In addition, expression 

of the MV-encoded immunomodulatory transgene could further explain the significantly 

improved therapeutic outcome in MV-s-NAP or MV-lambda-NAP plus alisertib 

combination treatment in vivo against metastatic breast cancer in both xenograft models. 

Previous reports have demonstrated the enhanced therapeutic effect of oncolytic viruses 

when combined with drugs that disrupt the mitotic cycle or affect the microtubular 

rearrangement, including Aurora B kinase inhibitors.36–38

Gene microarray analysis revealed overexpression of several cytokines by alisertib-treated 

MDA231-lu-P4, among them IL-24. IL-24 has been shown to have a tumor suppressive 

effect on breast cancer by inhibition of angiogenesis and reduction of metastatic spread by 

the lymphatic route.39 IL-24 is a strong pro-apoptotic inducer causing G2/M cell cycle arrest 

in breast cancer cells.40 Of note, adenovirus vectors armed with the IL-24 transgene have 

demonstrated potent oncolytic effect against breast cancer cells, including MDA-MB-231 

line.28, 41 Alisertib-triggered IL-24 secretion by MDA231-lu-P4 cells represents one 

additional mechanistic explanation for the enhanced treatment efficacy of the MV/alisertib 

combination, but further studies are required to prove this hypothesis.
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In conclusion, co-treatment with Aurora A kinase inhibitors significantly enhances MV-

mediated antitumor effect on breast cancer lines and xenografts. Based on these preclinical 

data and early clinical trial data indicating clinical benefit from engineered MV strains in 

other tumor types such as ovarian cancer42 or multiple myeloma,43 results from this study 

support a novel translational strategy in the treatment of patients with advanced breast 

cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic representation of the recombinant measles virus (MV) strains used in the 

experiments: MV-GFP, MV-lambda, MV-lambda-NAP and MV-s-NAP. NAP - 

Helicobacter pylori neutrophil-activating protein.
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Fig. 2. 
Alisertib effect on breast cancer cell morphology at 72 h post-treatment. MDA231-lu-P4 

cells were treated with 200 or 2 μM of alisertib (A), and either infected with MV-GFP at 

MOI=0.1 or left uninfected. Immunoblotting of Aurora A kinase expression in MDA231-lu-

P4 cells (B) demonstrated abundant target expression. Tubulin-specific antibody was used as 

control.
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Fig. 3. 
Anti-tumor effect of alisertib/MV-s-NAP combination treatment against breast cancer cells. 

MCF-7 cells were treated with 70 nM alisertib (corresponding to the IC50) and infected with 

MV-s-NAP at MOI of 0.1 (A) or 1 (B). The cytotoxic effect of alisertib/MV-s-NAP 

combination on MDA231-lu-P4 cells was evaluated following treatment with 200 nM 

alisertib (corresponding to the IC50 for this cell line) and infected with MV-s-NAP at MOI 

of 0.1 (C) or 1 (D). Cell viability at different time points was measured by MTT assay. MLN 

= alisertib
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Fig. 4. 
The expression of lambda-immunoglobulin chain reporter in the cell culture supernatants by 

alisertib-treated and MV-lambda infected MDA231-lu-P4 cells as compared to MV-lambda 

infection alone (A). Each sample was run in four wells of the 12-well tissue culture plate. 

Results are presented as human lambda immunoglobulin in ng per 106 infected cells. The 

IL-24 gene expression was quantified in MDA231-lu-P4 cells pretreated for 48 h with 

alisertib and and subsequently infected with MV-GFP for 12 h (B). Results are presented as 

a fold-change in expression vs. control cells ± SD.
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Fig. 5. 
Combination treatment schedule (A) of MDA231-lu-P4 lung metastatic xenografts in 

athymic nude mice (n=9–10). Data were plotted in Kaplan-Meyer curves and survival 

outcomes were compared by the log-rank test (B). HI = heat inactivated virus, MLN = 

alisertib, control=alisertib vehicle control given orally.
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Fig. 6. 
Combination treatment schedule (A) in MDA231-lu-P3 pleural effusion model of metastatic 

breast cancer in mice (n=10). Data were plotted in Kaplan-Meyer curves and survival 

outcomes were compared by the log-rank test (B). HI – heat inactivated virus, MLN = 

alisertib, control=alisertib vehicle control given orally.
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