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ABSTRACT
Background  Human papillomavirus (HPV)-driven cancers 
include head and neck squamous cell carcinoma and 
cervical cancer and represent approximately 5% of all 
cancer cases worldwide. Standard-of-care chemotherapy, 
radiotherapy, and immune checkpoint inhibitors (ICIs) are 
associated with adverse effects and limited responses 
in patients with HPV-driven cancers. The integration of 
targeted therapies with ICIs may improve outcomes. In 
a previous study, we demonstrated that Aurora kinase A 
(AURKA, Aurora A) inhibitors lead to apoptosis of human 
HPV-positive cancer cells in vitro and in vivo. Here, we 
explored the potential of Aurora A inhibition to enhance 
response to ICIs in immune-competent preclinical models 
of HPV-driven cancers.
Methods  We assessed the induction of apoptosis, DNA 
damage, and immunogenic cell death (ICD) in response 
to treatment with the Aurora A inhibitor alisertib in vitro 
and antitumor efficacy of alisertib as a monotherapy 
and in combination with ICIs that inhibit programmed 
cell death protein-1 (PD-1) or cytotoxic T-lymphocyte 
associated protein 4 (CTLA-4) in murine HPV-positive 
immune-competent tumor models. In each treatment 
group, we determined the tumor growth kinetics and 
long-term survival and assessed the tumor immune 
microenvironment using polychromatic flow cytometry.
Results  Aurora A inhibition induced apoptosis, DNA 
damage, and ICD in vitro in multiple human and murine 
HPV-positive cancer cell lines. Importantly, Aurora 
A inhibition induced selective apoptotic depletion of 
myeloid-derived suppressor cells (MDSCs). In vivo 
experiments demonstrated that the combination of 
alisertib with ICIs, specifically anti-CTLA4, resulted in 
improved survival outcomes by altering the tumor immune 
microenvironment. This combination enhanced CD8 T-
cell infiltration and decreased the frequencies of MDSCs, 
whereas neither alisertib nor ICIs (anti-PD-1/anti-CTLA-4) 
alone showed such effects.
Conclusion  Our study establishes the potential of Aurora 
A inhibition to sensitize HPV-positive tumors to ICIs, 
specifically anti-CTLA-4 treatment. This combination 
strategy resulted in enhanced antitumor efficacy, 
driven by systemic and intratumoral increases in CD8 
T-cell responses and reduced immunosuppressive 
cell populations, specifically MDSCs. These findings 
offer insights into the synergistic effects of Aurora A 

inhibition and ICIs and argue for further investigation and 
optimization of this combination approach in HPV-driven 
cancers.

INTRODUCTION
Human papillomavirus (HPV) infections can 
cause head and neck squamous cell carci-
noma (HNSCC) and genital cancers. The inci-
dence of HPV-positive HNSCC is increasing 
in the USA and worldwide.1 Locally advanced 
HPV-positive cancers are treated with a 
combination of radiotherapy and platinum 
chemotherapy. However, these treatments 
can induce adverse effects that can decrease 
quality of life, including irreversible deficits 
in swallowing, dry mouth, reliance on feeding 
tubes, and aspiration pneumonia.2

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Human papillomavirus (HPV)-driven cancers, ac-
counting for 5% of global cancer cases, have limited 
responses to standard treatments (chemotherapy, 
radiotherapy, and immune checkpoint inhibitors), 
which has prompted exploration of targeted therapy 
combinations to enhance outcomes.

WHAT THIS STUDY ADDS
	⇒ Inhibiting Aurora kinase A led to immunogenic cell 
death in HPV-driven cancers and sensitized them 
to anti-cytotoxic T-lymphocyte associated protein 
4 (CTLA-4) treatment, leading to improved anti-
tumor efficacy through increased systemic and 
intratumoral CD8 T-cell responses and reduced im-
munosuppressive myeloid-derived suppressor cell 
populations.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our study shows that combining an Aurora kinase 
inhibitor with anti-CTLA-4 treatment could address 
immune evasion and potential metastasis through 
immune system suppression and be a promising 
treatment for HPV-positive cancers.

https://jitc.bmj.com/
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Systemic treatments for recurrent or metastatic 
HPV-positive HNSCC include platinum-based chemo-
therapy, immune checkpoint inhibitors (ICIs) targeting 
programmed cell death protein-1 (PD-1), and cetux-
imab, a monoclonal antibody that targets the epidermal 
growth factor; these systemic treatments can be given as 
single agents or in combination.3 The approval of PD-1 
inhibitors for frontline treatment of recurrent or meta-
static cancer resulted in a paradigm shift in the treatment 
landscape for patients. That approval was based on the 
results of the KEYNOTE-048 trial, in which the median 
overall survival (OS) for the PD-1 inhibitor (pembroli-
zumab alone) was longer than that for the standard-
of-care treatment (cetuximab and chemotherapy) in 
both the patients with a combined positive score of 20 
or above (14.7 vs 11 months; p=0.004) and patients with 
a combined positive score of 1 or above (13.6 vs 10.4 
months; p=0.001).4 Similar results were observed in anal 
and cervical cancers.5–7

While ICIs offer clear benefits, only some patients with 
HNSCC respond to them.4 8 9 Approximately 80% of recur-
rent or patients with metastatic HNSCC do not respond 
to ICI and the median OS is still less than a year4 9 and, 
a significant number of patients with advanced disease 
either fail or progress on single-modality checkpoint 
inhibitor therapy. Therefore, newer, more effective thera-
peutic approaches are required.

One strategy to improve outcomes is to enhance the effi-
cacy of ICIs. Although targeted therapy and chemotherapy 
increase survival and improve quality of life, nearly all 
patients with recurrent or metastatic solid tumors treated 
with ICIs eventually experience progression.9 Conversely, 
some patients with recurrent or metastatic cancer treated 
with ICIs have complete and durable responses.10–13 The 
genetic changes within tumors that initiate cancer growth 
present a chance to both suppress cancer-promoting 
signals and enhance immune response, thereby making 
tumors more responsive to ICIs. However, little informa-
tion exists about the targeted agents that could synergize 
with ICIs in HPV-driven squamous cancers. One way to 
overcome resistance to immunotherapy may be to induce 
immunogenic cell death (ICD)—that is, to make the 
cancer cells “visible” to the immune system and attract T 
cells into the tumor immune microenvironment (TIME). 
ICD leads to the expression of calreticulin on the tumor’s 
cell surface as an “eat-me” signal and to the release of 
damage-associated molecular patterns, proinflammatory 
cytokines, and tumor antigens into the TIME. Antigenic 
fragments are engulfed, processed, and presented by 
antigen-presenting cells such as dendritic cells to induce 
antigen-specific T-cell responses.14 During pyroptosis, 
a form of ICD, the intrinsic apoptosis pathway leads to 
caspase-3 cleavage that induces gasdermin cleavage and 
the subsequent formation of a membrane pore that 
releases damage-associated molecular patterns.15 Addi-
tionally, cancer -therapeutics may cause DNA damage and 
activate the c-GAS-STING pathway, leading to the produc-
tion of type I interferons.

In a previous study, we tested the cytotoxic effects of 864 
unique drugs in HPV-positive and HPV-negative human 
squamous cancer cell lines and identified Aurora kinase 
inhibitors as the only drug class that was more effective 
in HPV-positive cancer models than HPV-negative cancer 
models in vitro and in vivo.16 Our and others’ studies have 
shown that inhibiting Aurora kinase activity with reagents 
such as alisertib can lead to irreversible mitotic arrest, 
DNA damage, and apoptosis.16 17 Moreover, the admin-
istration of alisertib has been documented to prompt 
senescence in melanoma cells, consequently augmenting 
the recruitment of tumor-infiltrating leukocytes (TILs).18 
However, limited knowledge exists regarding the specific 
impact of inhibiting Aurora kinase A (AURKA, Aurora A) 
on the TIME in HPV-driven cancers. Gaining a compre-
hensive understanding of the mechanism that drives the 
efficacy of Aurora A inhibition in HPV-positive cancers 
will pave the way for designing more effective therapeutic 
interventions using Aurora A inhibitors.

We hypothesized that the Aurora A inhibitor alisertib 
may augment the efficacy of ICIs in the treatment of 
HPV-driven cancers. In this study, leveraging our under-
standing of alisertib’s specificity toward Aurora A inhibi-
tion and alisertib’s demonstrated safety profile in human 
clinical trials,19 20 we investigated the potential of Aurora 
A inhibition to induce ICD and promote the efficacy of 
ICI therapy in immune competent-mouse models of HPV-
associated cancers.

Our experimental approach involved using well-
established mouse models (mEER, C3.43, and TC-1), 
which serve as robust surrogates for HPV-driven HNSCC 
and genital cancers.21–23 Building on previous work 
showing alisertib’s ability to promote chromosome align-
ment and antitumor efficacy in preclinical models,24 we 
sought to explore alisertib’s potential synergy with ICIs 
targeting PD-1 or cytotoxic T-lymphocyte associated 
protein 4 (CTLA-4). In our study, we found compelling 
evidence that alisertib significantly enhances the anti-
tumor efficacy of ICIs targeting PD-1 or CTLA-4 in the 
mEER model. This enhancement was associated with 
selective depletion of myeloid-derived suppressor cells 
(MDSCs). Our findings provide evidence to support that 
Aurora kinase-targeted therapy is a viable approach to 
augment the effectiveness of immune-based therapies for 
HPV-driven cancers.

MATERIALS AND METHODS
Cell lines
Human HNSCC and cervical squamous carcinoma cell 
lines (UMSCC47, SIHA, and CASKI) were obtained, 
maintained, and profiled as described previously.25

Mouse tonsil epithelial cells expressing HPV-16 E6 and 
E7 and Hras1 oncogene (mEER) were a gift from Dr J Lee 
(Sanford Health, Sioux Falls, South Dakota, USA). These 
cells were preserved and maintained as described previ-
ously26 and cultured to 80% confluency the day before 
implantation in mice. C3.43 cells, mouse embryonic 
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epithelial cells expressing the entire HPV-16 genome,27 
were provided by Dr M Kast (University of Southern 
California, Los Angeles, California, USA). These cells 
were grown and expanded in vitro in Iscove’s Modified 
Dulbecco’s Medium supplemented with 10% fetal bovine 
serum (Gemini, Sacramento, California, USA), 50 µM 
2-mercaptoethanol, and 50 µg/mL gentamicin. Dr T C 
Wu and C Hung (Johns Hopkins School of Medicine, 
Baltimore, Maryland USA) provided the TC-1-luciferase 
(TC-1–Luc) tumor cell line. TC-1-Luc was derived from 
C57BL/6 mouse lung fibroblasts that were transfected 
to stably express Hras1, firefly luciferase, and HPV-16 
E6 and E7.28 TC-1-Luc cells were maintained in Roswell 
Park Memorial Institute Medium (RPMI) 1640 medium 
supplemented with 50 units/mL penicillin-streptomycin, 
and 50 µg/mL gentamycin, and 10% heat-inactivated 
fetal bovine serum.23

All cell lines were genotyped using short tandem repeat 
analysis and were determined to be Mycoplasma-free using 
a MycoAlert Mycoplasma Detection Kit (Lonza, Morris-
town, New Jersey, USA).

REAGENTS
Alisertib was purchased from Selleck Chemicals and 
prepared as a 10 mmol/L stock solution in dimethyl sulf-
oxide (DMSO). Anti-PD-1 (RMP1–14 at 250 µg per dose) 
and anti-CTLA-4 antibodies (9H10 at 100 µg per dose) 
for in vivo administration were procured from Bio X 
Cell (West Lebanon, New Hampshire, USA). All the anti-
bodies used for immunoblotting (western blot) and flow 
analyses are listed in online supplemental tables S1 and 
S2.

Immunoblotting
Immunoblotting was performed as described previ-
ously.29 In brief, cells were lysed with ice-cold lysis buffer, 
and the lysates were centrifuged at 20,000×g for 10 min 
at 4°C. Protein concentrations were assessed using bicin-
choninic acid assay (Thermo Scientific, Waltham, Massa-
chusetts, USA).30 Cell lysates containing equal amounts 
of protein were resolved using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to 
nitrocellulose membranes. Protein presence and abun-
dance on the nitrocellulose membranes were deter-
mined through Ponceau S staining (0.5% w/v Ponceau S 
dissolved in 1% v/v acetic acid). Following a 5 min incu-
bation in the Ponceau S solution, the membranes were 
washed once with water, photographed, and subsequently 
destained Tris-buffered saline with 0.1% Tween 20 deter-
gent. Subsequently, the membranes were incubated 
with the indicated primary antibodies (online supple-
mental table S1). Protein expression was detected using 
a horseradish peroxidase-conjugated secondary antibody 
(Bio-Rad, Hercules, California, USA) and enhanced 
chemiluminescence reagent (Thermo Scientific). For 
the quantification of protein expression, the band inten-
sities were measured using ImageJ, RRID:SCR_003070 

(National Institutes of Health, Bethesda, Maryland, 
USA),31 and normalized first to actin and then to its 
respective positive control.

Analysis of apoptosis, cell-surface calreticulin expression, 
and cell viability
To measure apoptosis, we performed annexin V/
propidium iodide staining with an fluorescein isothio-
cyanate (FITC) Annexin V Apoptosis Detection Kit 
(eBioscience, San Diego, California, USA) as described 
previously.16 Briefly, cells were treated with 300 nM 
alisertib for 48 hours on the basis of findings from our 
earlier studies.16 After treatment, the cells were collected, 
washed twice with ice-cold phosphate-buffered saline 
(PBS), and resuspended in 1 mL of annexin binding 
buffer (10 mM HEPES/NaOH, pH 7.4; 140 mM NaCl; 
2.5 mM CaCl2). The cell suspension (approximately 1×105 
cells) was transferred to a 5 mL fluorescence-activated 
cell sorting (FACS) tube and mixed with 5 µL of annexin 
V-FITC. The cells were gently vortexed and incubated for 
20 min at 25°C in the dark. After the incubation, samples 
were washed with annexin binding buffer for 5 min. 
Once samples were washed, 200 µL of binding buffer 
with propidium iodide was added to each sample, which 
was then analyzed using a Beckman Coulter Gallios flow 
cytometer.

Cell viability was assessed using the CellTiter-Glo Lumi-
nescent Cell Viability Assay (G7570, Promega) according 
to the manufacturer’s instructions. Cells were grown 
in 96-well plates and treated with 300 nM alisertib for 
48 hours. Following treatment, 100 µL of CellTiter-Glo 
reagent was added to each well. Luminescence was 
measured using a BioTek Microplate Reader (BioTek 
Instruments, Winooski, Vermont, USA).

Cell surface calreticulin was analyzed in human and 
murine samples following alisertib treatment. Briefly, 
the cells were treated with 300 nM alisertib for 48 hours 
at 37°C; washed twice with cold PBS; and then incu-
bated with 1 µL of ZombieAqua (Thermo Scientific), an 
amine-reactive fluorescent viability dye, for 20 min in the 
dark at room temperature. Subsequently, the cells were 
washed and incubated with 100 µL of diluted (1:100) 
anti-calreticulin phycoerythrin-conjugated antibody (Cell 
Signaling Technology; Danvers, Massachusetts, USA) at 
4°C for 30 min. Cells were analyzed on a Beckman Coulter 
Gallios flow cytometer.

In vivo mouse studies
Sample size calculations were based on preliminary data 
with a primary endpoint of tumor weight at the end of 
the study and an assumption that alisertib would have an 
effect similar to that of the single agent anti-PD-1 anti-
body (Ab) and that the drug combination would have an 
effect size of 0.83. A sample size of seven mice per group 
achieves 88% power to detect tumor volume differences 
among the four treatment groups using one-way analysis 
of variance (ANOVA) with a 0.05 significance level. Synge-
neic male C57BL/6 mice, 6 weeks old, were implanted 

https://dx.doi.org/10.1136/jitc-2024-009316
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with 1×106 mEER cells in 200 µL PBS subcutaneously on 
the right flank as reported previously.21 22 After tumors 
reached an average size of 50–70 mm3, the mice were 
randomized into different treatment groups, with seven 
mice per group. In the combination group (alisertib with 
anti-PD-1 or alisertib with anti-CTLA-4), we included eight 
mice per group. Alisertib (from Takeda Pharmaceuticals; 
10 mg/kg in 10% β-cyclodextrin) was administered orally 
through gavage. Mice were monitored twice weekly for 
body weight changes and tumor growth. Mice were euth-
anized when they lost 20% or more of their initial body 
weight or when the tumor size exceeded 200 mm2. For 
the experiments involving analysis of TILs, 1×106 mEER 
tumor cells in PBS were mixed in a 2:1 ratio with Matrigel 
(BD Biosciences, San Jose, California, USA) for implanta-
tion. For the immune correlates analysis for the alisertib 
and anti-PD-1 experiments we included five mice per 
group.

Immune cell isolation
On indicated days after the tumor cell implantation, mice 
were euthanized, and tumors and spleens were collected 
to assess cell-mediated antitumor immune responses as 
previously described.22 23 Briefly, tumors were digested 
in a complete RPMI medium containing collagenase H 
(Sigma-Aldrich, St. Louis, Missouri, USA) and DNase 
(Roche, Indianapolis, Indiana, USA) and incubated at 
37°C for 45 min before being passed through 70 µm cell 
strainers. The TILs were isolated using 67%:44% Percoll 
(Cytiva, Marlborough, Massachusetts, USA) gradient 
centrifugation. Single-cell suspensions from spleens were 
prepared by mechanical disruption and passing the cells 
through cell strainers; these analyses were followed by red 
blood cell lysis.

For characterization of circulating lymphocytes, blood 
was collected from mice via the retroorbital technique.32 
Whole blood was incubated at 37°C and 5% CO2 for 5 min 
with Tris-buffered ammonium chloride buffer (130 mM 
Tris and 150 mM NH4Cl in a 1:9 ratio) to lyse red blood 
cells and then was washed with PBS. In addition to blood, 
spleens were also harvested, minced, and the cells were 
washed with PBS/2% fetal bovine serum (FBS). Red 
blood cells were lysed with NH4Cl lysis buffer, followed 
by washing with PBS/2% FBS and filtration through 
strainers to isolate lymphocytes for further analysis.

Flow cytometry
Following isolation, cells were incubated at 37°C and 5% 
CO2 for 4–6 hours with brefeldin A GolgiPlug (Thermo 
Fisher). Cells were blocked using mouse Fc-block (anti-
CD16/32) (Thermo Fisher), stained for surface markers 
using a cocktail of fluorescently labeled antibodies 
(online supplemental table S2), fixed, and permea-
bilized and then stained for intracellular/functional 
markers.21–23 33 FACS data acquisition was done on a five-
laser Fortessa X-20 flow cytometer (BD Biosciences), and 
data were analyzed using FlowJo V.10 (Ashland, Oregon, 
USA). Forward and side scatter parameters were used to 

set singlets and leukocyte gates. Fixable viability stain 510 
was included in the surface antibody cocktail and used to 
gate out dead cells so that only viable cells were analyzed. 
The HPV antigen-specific CD8 T cells were detected 
using the HPV-16 E7 CD8 T-cell epitope tetramer reagent 
from Emory University NIH MHC tetramer core facility 
(Atlanta, Georgia, USA) that was part of the multipara-
metric flow cytometry panel. For the detection of MDSC, 
a gating strategy involving CD3-CD11b+Gr-1+ was used.

Statistical analysis
All graphing and statistical analyses were performed using 
GraphPad Prism V.8 (San Diego, California, USA). One-
way ANOVA followed by Tukey post hoc test was used for 
comparing multiple groups, and an unpaired, two-tailed 
Student’s t-test was used for comparing two groups. Statis-
tical significance between survival curves was calculated 
using a log-rank test (Mantel-Cox). A p value of <0.05 
was considered significant. Graphs show the mean±SD 
values for each group unless otherwise indicated. Exper-
iments were repeated to confirm the reproducibility of 
the results.

RESULTS
Aurora kinase A inhibition induced apoptosis, DNA damage, 
and ICD and reduces cell viability in HPV-positive murine and 
human cancer cell lines in vitro
We tested the effect of the Aurora A inhibitor alisertib 
in three different human HPV-positive cancer cell lines 
(UMSCC47, SIHA, and CASKI) and three different 
murine HPV-positive tumor cell lines (mEER, C3.43, and 
TC-1). All the cell lines were treated with 300 nM alisertib 
for 48 hours on the basis of conditions optimized in 
previous studies.16

As expected, alisertib treatment markedly reduced 
phospho-Aurora A protein expression levels (online 
supplemental figure 1A). We also observed a modest 
increase in total Aurora A protein levels in cells treated 
with alisertib, which may have been due to the increased 
accumulation of cells in the G2-M phase of the cell cycle. 
Alisertib-treated cells had increased caspase-3 activa-
tion and poly(ADP-ribose) polymerase (PARP) cleavage 
(figure 1A) and enhanced annexin V-positive cell staining 
(figure 1B), showing that alisertib induced apoptosis. To 
assess the effects of alisertib on cell survival, we performed 
a cell viability assay. As shown in figure 1C, both murine 
and human HPV-positive cell lines exposed to alisertib 
exhibited a significant reduction in cell viability after 48 
hours of treatment. This decrease in viable cells aligns 
with the observed apoptotic markers and provides addi-
tional evidence for the cytotoxic efficacy of alisertib in 
these HPV-positive cancer cell lines.

In all cell lines, Aurora A inhibition activated the 
DNA damage pathway via a significant increase in the 
levels of phosphorylated H2A histone family member X 
(γ-H2AX) and phosphorylated TIF1β, which is known for 
its role in DNA damage (figure 1D,E). We also observed 

https://dx.doi.org/10.1136/jitc-2024-009316
https://dx.doi.org/10.1136/jitc-2024-009316
https://dx.doi.org/10.1136/jitc-2024-009316
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Figure 1  Aurora kinase A inhibition induces cytotoxicity, apoptosis, DNA damage, and immunogenic cell death in human 
papillomavirus (HPV)-positive murine and human cancer cell lines in vitro. (A–C) Murine and human cancer cells were treated 
with 300 nmol/L alisertib for 48 hours before being subjected to lysis and immunoblotting with the indicated antibodies 
(A), annexin-FITC staining to measure apoptosis (B), or a CellTiter-Glo assay to measure cell viability (C). (D–E) Murine (D) and 
human (E) cells were treated with 300 nmol/L alisertib for 48 hours before immunoblotting with antibodies that indicate the 
presence of pyroptosis, DNA damage, and immunogenic cell death (ICD). To determine the amount of released HMGB-1 
(D, E), cytochrome C (D), and lactate dehydrogenase (LDH) (E), equal volumes of conditioned medium were subjected to 
immunoblotting analysis; Ponceau S staining was used as a loading control. (F) Calreticulin (CRT) expression on the cell surface 
was analyzed by flow cytometry on murine and human cell lines treated with 300 nmol/L alisertib for 48 hours. The significance 
of differences was determined using an unpaired, two-tailed Student’s t-test. *p≤0.05, **p≤0.001, ***p≤0.0001. CL, cleaved; 
DMSO, dimethyl sulfoxide; FL, full; GDSME, gasdermin E; MFI, mean fluorescence intensity; UM-47, UMSCC47.
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marked activation of the cGAS/STING pathway in both 
human and murine HPV-positive tumor cells treated with 
alisertib, which can be stimulated by DNA damage.

In addition to apoptosis, activated caspase-3 mediates 
the cleavage of gasdermin E which leads to pyroptosis,34 a 
form of ICD that can reverse immunotherapy resistance. 
Alisertib treatment led to gasdermin E cleavage in C3.43 
murine HPV-positive cells (figure  1D) as well as in all 
the human HPV-positive tumor cells tested (figure 1E). 
However, mEER cells did not express gasdermin E. 
Gasdermin D and gasdermin F (PVJK) were not detected 
in any of the cell lines studied (data not shown). Addi-
tionally, Aurora A inhibition led to the release of damage-
associated molecular patterns (cytochrome C, HMGB-1, 
and lactate dehydrogenase), which are hallmarks of ICD, 
into the cell supernatant (figure 1D,E).

An initial hallmark of ICD involves the externalization 
of calreticulin, resulting in the relocation of endoplasmic 
reticulum-resident calreticulin to the plasma membrane.35 
The presence of surface calreticulin serves as an “eat 
me” signal, which is crucial for triggering immune cells 
and priming the innate immune response.36 Using flow 
cytometry, we detected a significant accumulation of 
calreticulin on the cell surface after 48 hours of treatment 
with alisertib in all the human and murine tumor cell 
lines tested (figure  1F, online supplemental figure S2). 
These results establish that alisertib induced ICD in HPV-
positive tumor cells via distinct cell death mechanisms 
and support in vivo antitumor efficacy assessment.

Aurora A inhibition induced a transient decrease in tumor 
growth and functional MDSCs in HPV-driven tumors in vivo
To test the effects of Aurora kinase inhibition in vivo, 
we administered alisertib (10 mg/kg), using a clinically 
relevant dose and regimen24 37 daily via oral gavage to 
mice with mEER tumors for 6 days then monitored mice 
for tumor growth and survival over the next 50 days 
(figure  2A). Although mice treated with alisertib had 
significantly reduced tumor weight at day 25 compared 
with the weight of mice in the control group (figure 2B), 
the tumors progressed in all the mice, with no significant 
difference in survival between the groups (figure 2C).

Analyses of blood collected at days 7, 13, 18, and 25 
showed significantly higher levels of total and HPV E7 
antigen-specific CD8 T cells (figure  2D,E,G,H) at day 
18 (figure  2E,H insets) in mice treated with alisertib 
that was preceded by a significant drop in the levels of 
MDSCs at day 13 (figure 2J,K insets) in mice treated with 
alisertib relative to the levels in mice in the control group. 
However, these differences were not sustained for any cell 
types by day 25. Similarly, although analyses of TILs from 
mice euthanized at days 13 and 25 showed no differences 
in the levels of total and HPV E7 antigen-specific CD8 T 
cells (figure 2F,I), a significant decrease in the frequen-
cies of an arginase-positive functional subset of MDSCs 
were observed at day 13 (figure 2L, inset), although this 
difference was not sustained by day 25 (figure 2L).

Thus, alisertib treatment induced a transient decrease 
in tumor growth and changes in TILs, but these changes 
were not sustained over time, and no survival benefit was 
observed. The observation of a reduction in MDSCs but 
not total CD8 T cells and HPV E7 antigen-specific CD8 
T cells in alisertib-treated mice was recapitulated in two 
other preclinical models (TC-1 and C3.43) and did not 
translate into a long-term survival benefit (online supple-
mental figure 3).

Aurora A inhibition led to selective induction of apoptosis in 
MDSCs but not CD8 T cells
To understand the mechanism driving the observed 
differential effects of alisertib treatment on MDSCs versus 
CD8 T cells, we conducted ex vivo experiments on spleen 
cells from mEER tumor-bearing mice. Alisertib treat-
ment induced apoptosis in MDSCs but not CD8 T cells, 
as evidenced by significantly increased frequencies of 
annexin V+ MDSCs but not CD8 T cells (figure 3A,B).

To further understand the mechanism driving alisert-
ib’s differential effects, we investigated the release of cyto-
chrome C, which is a known key mediator of apoptosis.38 
Alisertib-treated MDSCs, but not CD8 T cells, exhib-
ited higher secretion of cytochrome C than the vehicle 
control-treated cells did (figure 3C), indicating potential 
involvement of the apoptotic pathway in MDSC depletion.

Combination of Aurora A inhibition and PD-1 blockade 
extended the survival of mice bearing HPV-driven tumors
We previously reported that mice with mEER flank 
tumors were resistant to ICIs targeting PD-1.21 Because we 
observed that Aurora A inhibition induced ICD in tumor 
cells in vitro (figure  1E), we tested whether Aurora A 
inhibition can effectively sensitize mice with mEER flank 
tumors to anti-PD-1 treatment in vivo. To test this hypoth-
esis, mice bearing mEER flank tumors were treated with 
two cycles of anti-PD-1 monotherapy, alisertib mono-
therapy, a combination of anti-PD-1 treatment and 
alisertib, or a vehicle control and were monitored for 
tumor growth and survival over 60 days (figure 4A). On 
day 23, we observed a significant decrease in tumor size in 
mice treated with the combination (figure 4B), but even-
tually mice in all the groups exhibited sustained tumor 
growth (figure  4C). However, mice treated with the 
combination of alisertib and anti-PD-1 survived longer 
than those in the control and monotherapy groups 
(figure 4D). The median survival times were as follows: 
vehicle: 37.5 days, alisertib: 39 days, anti-PD-1: 42 days, 
and combination: 51 days. These results suggest that 
the combination therapy significantly improved survival 
compared with the vehicle and monotherapy groups, 
highlighting its potential for enhancing antitumor immu-
nity. The frequencies of total and cytotoxic HPV E7 
antigen-specific CD8 T cells (figure 4E,F) and regulatory 
T cells (Tregs) (figure 4G) were not significantly different 
among the groups. However, analyses of TILs showed 
significantly reduced levels of MDSCs in mice treated with 

https://dx.doi.org/10.1136/jitc-2024-009316
https://dx.doi.org/10.1136/jitc-2024-009316
https://dx.doi.org/10.1136/jitc-2024-009316
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Figure 2  Aurora kinase A inhibition has differential effects on T cells and MDSCs in vivo in HPV-positive tumor-bearing mice. 
(A–C) Groups of C57BL/6 mice were implanted with mEER cells (1×106) subcutaneously on the flank and treated with alisertib 
(10 mg/kg) daily for 6 days starting at day 5 after tumor cell implantation (A) and monitored for tumor growth (weight) (B) and 
survival (C). (D–L) Changes in total CD8 T cells (D–F), HPV E7 antigen-specific CD8 T cells (G–I), and MDSCs (CD11b+ Gr-1+) 
(J–L) were monitored by flow cytometry at the indicated time points in the blood (day 18 for E7 and CD8 and day 13 for MDSCs) 
(E, H, K) and tumor (day 13 for MDSCs and day 25 for E7+ and CD8 cells) (F, I, L). Representative flow profiles for CD8 T cells 
(D), HPV E7 antigen-specific CD8 T cells (G), and MDSCs (J) in the blood from vehicle-treated and alisertib-treated mice are 
shown. The significance of differences was determined using an unpaired, two-tailed Student’s t-test. ns, p≤0.05*, ***p<0.009. 
HPV, human papillomavirus; MDSCs, myeloid-derived suppressor cells.
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alisertib monotherapy or the combination of alisertib and 
anti-PD-1 (figure 4H).

Combination of Aurora A inhibition with CTLA-4 blockade 
significantly extended the survival of mice bearing HPV-driven 
tumors
In mEER tumors of both treated and untreated mice, we 
observed that the T-cell inhibitory coreceptor CTLA-4 
was expressed at significantly higher levels than PD-1 
on CD4 and CD8 T cells, Tregs, and natural killer 
cells. These elevated levels were consistent regardless 
of alisertib treatment (figure  5). This persistent over-
expression of CTLA-4 relative to PD-1 suggests that 
CTLA-4 may be a better target for immunotherapy and 
we hypothesized that alisertib would synergize with 
anti-CTLA-4 treatment. To test this hypothesis, mice 
with mEER flank tumors were treated with four cycles 
of anti-CTLA-4 monotherapy, alisertib monotherapy, a 

combination of anti-CTLA-4 antibodies and alisertib, or 
a vehicle control (figure  6A), and were monitored for 
tumor growth and survival over 60 days. We observed a 
significant reduction in tumor volume at day 36 in mice 
that received the combination compared with all other 
groups (figure  6B), which translated into the combi-
nation group having significantly slower tumor growth 
and long-term survival relative to either treatment 
alone (figure 6C,D). The median survival times were as 
follows: vehicle: 36 days, anti-CTLA-4: 40 days, alisertib: 
42 days, and combination: not reached. In the combina-
tion group, 75% (6/8) of the mice exhibited tumor-free 
survival for a period of 60 days. Subsequently, we inves-
tigated the TIME for the observed protective efficacy of 
the combination treatment on day 23 because this time 
point was when we had observed decreased tumor size 
in the combination group in our in vivo experiments 
(figure  7A,B). For rigor, we repeated this experiment 
with similar results. We observed a significant delay in 
tumor growth in the combination group by day 23, as 
shown in the tumor growth curve (online supplemental 
figure 4A). Detailed analyses of T-cell responses revealed 
enhanced polyfunctionality, with increased interferon-γ 
and granzyme production in TILs. Additionally, a higher 
percentage of CD8+T cells producing these cytokines 
was found in the spleens of combination-treated mice, 
emphasizing both local and systemic immune responses 
contributing to tumor shrinkage. We also noted signifi-
cant changes in immune marker profiles, with reduced 
expression of the T-cell exhaustion marker LAG3 in the 
tumor, suggesting improved T-cell activation. Further-
more, an increase in CXCR3+CD4+ and CD8+ T cells 
in the TIME was observed, indicating enhanced recruit-
ment of effector T cells. Observed treatment-mediated 
changes in the different lymphocyte subsets are compre-
hensively represented in the heatmap (figure 7C).

Additionally, we observed a significant reduction in 
the granulocytic subset of MDSCs (Gr-1+Ly6G+) in the 
tumors from the combination treatment group, with a 
more pronounced decrease in the Gr-1low Ly6G+subset, 
which is known to represent a highly suppressive MDSC 
population.39 This shift in the myeloid compartment 
suggests changes in immune cell dynamics in both the 
tumor and spleen. These results are depicted in the 
scatter plot (figure  7D), with individual graphs for all 
immune subsets shown in online supplemental figure 
S4B–E.

Additionally, immunoblotting of tumor tissues from 
four mice per treatment group revealed significantly 
higher expression of cleaved caspase-3 and cleaved PARP 
in the alisertib-treated groups, supporting the induc-
tion of cancer cell apoptosis (figure 7E). Together, these 
findings suggest that the combination of alisertib and 
anti-CTLA-4 induces substantial changes in the immune 
landscape in addition to cancer cell death, contributing 
to enhanced antitumor efficacy and improved long-term 
survival.

Figure 3  Aurora kinase A inhibition ex vivo induces 
apoptosis in HPV-positive tumor-induced MDSCs but not 
CD8 T cells. (A–B) Splenocytes isolated from mEER tumor-
bearing mice were treated ex vivo with vehicle or alisertib 
(300 nM) for 6 hours, and apoptotic cells (annexin V+) within 
the MDSC (A) and CD8 T cell (B) fractions were identified 
by flow cytometry. (C) MDSCs and CD8 T cells (C) from the 
mEER tumors were purified and treated ex vivo with vehicle 
or with alisertib (300 nmol/L) for 6 hours. Protein extracts 
were analyzed for apoptosis and survival pathway proteins 
using an antibody array. The significance of differences was 
determined using an unpaired, two-tailed Student’s t-test. 
ns (not significant), *p≤0.01, **p≤0.004, ***p≤0.0001. Cyto-C, 
cytochrome C; HPV, human papillomavirus; MDSCs, myeloid-
derived suppressor cells.

https://dx.doi.org/10.1136/jitc-2024-009316
https://dx.doi.org/10.1136/jitc-2024-009316
https://dx.doi.org/10.1136/jitc-2024-009316
https://dx.doi.org/10.1136/jitc-2024-009316
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DISCUSSION
To our knowledge, our research is the first to demonstrate 
that in HPV-positive tumors, Aurora A inhibition led to 

ICD. Furthermore, data from our study highlight that, in 
HPV-positive cancers, Aurora A inhibition enhanced the 
efficacy of ICIs targeting PD-1 or CTLA-4. Interestingly, 

Figure 4  Aurora kinase A inhibition in combination with PD-1 blockade extends the survival of HPV-positive tumor-bearing 
mice. (A–D) Groups of C57BL/6 mice were implanted with mEER cells (1×106) subcutaneously on the flank and were treated 
sequentially with 10 mg/kg of alisertib and anti-PD-1 antibody (aPD-1) at 250 µg per dose individually or in combination (combo) 
as shown (A) and monitored for tumor growth (area) (B, C) and survival (D). Significant differences between the survival curves 
were determined using the log-rank Mantel-Cox test *p<0.05, **p<0.005, ***p<0.0005. (E–H) Tumor-infiltrating leukocytes 
were separated from tumors on day 23 after the tumor initiation when all the treatments were completed. Frequencies of total 
CD8 T cells (E), HPV E7 antigen-specific granzyme B-expressing (GrnzB+) CD8 T cells (F), regulatory T cells (FoxP3+) (G), and 
myeloid-derived suppressor cell (H) were measured using one-way analysis of variance. **p<0.005, ***p<0.0005. HPV, human 
papillomavirus; PD-1, programmed cell death protein-1.
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the combination of alisertib and anti-CTLA-4 exhibited 
better antitumor efficacy than the combination of alisertib 
and anti-PD-1 treatment: The combination of alisertib 
and anti-CTLA-4 treatment resulting in tumor-free long-
time survival of 75% of treated mice (figure 6C,D), while 
the combination of alisertib and anti-PD-1 treatment 
significantly extended OS (figure 4C,D).

Key mechanisms observed for the enhanced immune 
response in our study included a notable increase in the 
polyfunctionality of CD8+ and CD4+ T cells, accompa-
nied by a reduction in MDSCs. In parallel with immune 
modulation, alisertib also significantly reduced cancer 
cell viability, which likely contributed to the enhanced 
antitumor efficacy observed. These responses were most 
pronounced in mice treated with the combination of 
alisertib and anti-CTLA-4 compared with those treated 
with control and monotherapies (figure 7). Interestingly, 
despite the significant changes in T cell and myeloid cell 
populations, we did not observe any significant alter-
ation in the frequency of Tregs, both in the circulation 
and at the tumor site. While Tregs did not show signif-
icant changes in frequency, the primary mechanisms 
underlying the enhanced antitumor response appear to 
be the increased polyfunctionality of CD8+ and CD4+ T 
cells and the reduction of MDSCs. Notably, Tregs, despite 
expressing CTLA-4 (figure  5), may still contribute to 

immune suppression in other ways, such as through cyto-
kine secretion or interactions with other immune cells, 
even though their frequencies remained unchanged.

Immunotherapy targeting CTLA-4 can include strate-
gies that either block receptor activity or induce depletion 
of specific immune cell populations. The antibody used 
in our study, 9H10, is expected to have both blocking and 
depletion activities. However, based on our data showing 
no significant changes in Treg frequencies, it appears that 
in this HPV tumor mouse model, treatment with 9H10 
primarily resulted in the blockade of CTLA-4 expres-
sion without leading to Treg depletion. This observation 
suggests that, at least in this model, CTLA-4 blockade was 
the dominant effect. While IgG2a antibodies like 9H10 are 
known to induce Treg depletion via antibody-dependent 
cellular cytotoxicity in other cancer models,40–42 the effect 
in our study was more likely due to CTLA-4 blockade, 
which may play a more prominent role in this specific 
tumor model. Additionally, the effectiveness of CTLA-4 
monoclonal antibodies has been shown to rely on their 
ability to directly activate CD8+T lymphocytes, contrib-
uting to the observed antitumor effects.43 In our study, we 
observed a significant CD8+T cell response in the combi-
nation group, which may be due to the direct activation of 
CD8+TILs by anti-CTLA-4. Despite no significant changes 
in Treg frequency, the enhanced CD8+T cell activity likely 

Figure 5  Aurora kinase A inhibition leads to persistently higher frequencies of CTLA-4-positive lymphocyte subsets than PD-
1-positive lymphocyte subsets in mice with human papillomavirus-positive tumors. Single-cell suspensions of mEER tumor 
cells from vehicle-treated and alisertib-treated mice were analyzed by flow cytometry for the expression of PD-1 and CTLA-4 in 
CD4+ (A), regulatory T (B), CD8 (C), and natural killer (NK) (D) cells. CTLA-4, cytotoxic T-lymphocyte associated protein 4; PD-1, 
programmed cell death protein-1.
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Figure 6  Aurora kinase A inhibition in combination with anti-CTLA-4 treatment extends the survival of human papillomavirus-
positive tumor-bearing mice. Groups of C57BL/6 mice were implanted with mEER cells (1×106) subcutaneously on the flank 
and were treated sequentially with 10 mg/kg each of alisertib and anti-CTLA-4 antibody (aCTLA-4) individually or in combination 
(combo) (A) and monitored for tumor growth (B, C) and survival (D). Significant differences between the survival curves were 
determined using the log-rank (Mantel-Cox) test. ns, p≥0.05, *p<0.05, **p<0.005, ***p<0.0006, ****p<0.0001. CTLA-4, cytotoxic 
T-lymphocyte associated protein 4.
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Figure 7  Aurora kinase A inhibition in combination with CTLA-4 blockade promotes antitumor immunity and cancer cell 
apoptosis. (A–B) Groups of C57BL/6 mice with mEER tumors were treated sequentially with alisertib (10 mg/kg) and anti-CTLA-4 
antibody (aCTLA-4; 100 µg per dose) individually or in combination (combo). All mice were euthanized after two treatment cycles 
on day 23, and tumors were weighed (A, B). (C) Tumor-infiltrating lymphocytes and circulating lymphocytes from the tumor 
and spleen were isolated and analyzed by polychromatic flow cytometry to assess the frequencies of different immune cell 
populations. Changes in their expression are represented as a heatmap. The negative immune regulator LAG3 is highlighted 
in red. (D) Frequencies of circulating myeloid-derived suppressor cell levels for the tumor and spleen. The significance of 
differences in immune cell subsets among the treatment groups were assessed using one-way analysis of variance. *p<0.05, 
**p<0.005, ***p<0.0001, ****p<0.00005. (E) Immunoblotting was performed on tumor tissues from four mice per treatment group 
at day 23. The expression of cleaved caspase-3 (cl caspase-3), full-length PARP (Fl PARP), and cleaved PARP (cl PARP) were 
analyzed to assess apoptosis. The treatment groups are as follows: V – vehicle, I – anti-CTLA-4, A – alisertib, C – combination. 
CTLA-4, cytotoxic T-lymphocyte associated protein 4, IO-Immunotherapy; PARP, poly(ADP-ribose) polymerase .
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contributed to the improved antitumor efficacy seen with 
the combination of alisertib and anti-CTLA-4 compared 
with the anti-PD-1 combination.

In addition to causing direct tumor cell lysis, many 
standard-of-care chemotherapeutic reagents used for 
cancer treatment target immunosuppressive populations 
such as Tregs and MDSCs for depletion.44–46 For example, 
paclitaxel, cyclophosphamide, and temozolomide have 
been reported to cause Treg depletion,44 45 while doxoru-
bicin and 5-fluorouracil have been reported to promote 
selective depletion of MDSCs.47 Our data from both in 
vivo and ex vivo studies clearly established that Aurora 
A inhibition by alisertib resulted in the apoptotic deple-
tion of MDSCs but not CD8 T cells in three different 
preclinical models of HPV-driven cancers (figure  4H, 
online supplemental figure S3). Our data suggest that 
Aurora A promoted an immunosuppressive TIME, which 
is supported by other studies. For example, in a mouse 
breast cancer model, inhibition of Aurora A led to apop-
tosis of MDSCs via reduced STAT3-mediated reactive 
oxygen species production.48 The beneficial effects of 
Aurora A inhibition have also been supported in other 
cancer models.49–52 Future studies could explore combi-
nations with therapeutic HPV vaccines53 or other immune 
checkpoint molecules that may activate effector T cells in 
HPV-driven54 cancers.

The differential effect of alisertib on MDSCs compared 
with CD8 T cells observed in our study is intriguing and 
may be due to several factors, which warrant further inves-
tigation. First, MDSCs are often in a more proliferative 
state than resting CD8 T cells, making them potentially 
more susceptible to Aurora kinase inhibition. Addition-
ally, MDSCs may rely more heavily on Aurora kinase for 
their survival and function compared with CD8 T cells. 
Another possibility is that alisertib’s inhibition of STAT3-
mediated reactive oxygen species production is more 
critical for MDSC survival than for CD8 T cells, as previ-
ously reported by Yin et al.48 Finally, MDSCs are known 
to deplete amino acids essential for T-cell activation and 
proliferation,55 which could also influence their distinct 
response to alisertib. These hypotheses underscore the 
need for further research to fully elucidate the mecha-
nisms behind alisertib’s selective effect on MDSCs in our 
model.

In the present study, we demonstrated that alisertib 
administration selectively and transiently depleted 
MDSCs from both the bloodstream and the tumor site 
at day 13 after tumor cell implantation. The decrease 
of MDSCs resulted in the systemic enrichment and acti-
vation of CD8 T cells, which played a substantial role in 
reducing the weight of HPV-positive cervical tumors by 
day 25 (figure 2B). Importantly, these reactions within 
the TIME due to Aurora A inhibition occurred before 
the tumor regressed, which supports the hypothesis 
that the reduction in MDSCs may have contributed to 
the recruitment and/or stimulation of tumor-reactive 
T cells.18 Therefore, our findings illustrate that alisertib 
directly influenced the TIME by inhibiting MDSCs, 

which promote tumor growth, and restoring antitumor 
T cells.

MDSC-mediate immune suppression, tumor immune 
evasion, and contribute to tumor metastasis. Many studies 
have demonstrated that MDSCs are susceptible to cyto-
toxic chemotherapy.56 In a separate study, inhibitors 
targeting tumor necrosis factor-related apoptosis-induced 
ligand receptors were employed to target MDSCs, 
resulting in some observed benefits.57 However, the 
underlying mechanism is not clear. In this study, our find-
ings revealed that ex vivo treatment of mEER cells from 
tumor-bearing mice with alisertib led to a pronounced 
induction of apoptosis in MDSCs (figure 3) accompanied 
by a significant increase in cytochrome C levels.

While our study demonstrates promising results in 
immunotherapy-resistant primary tumor models, we 
acknowledge a limitation in not addressing the effective-
ness of this combination therapy in metastatic settings. 
Given that MDSCs play a crucial role in tumor immune 
evasion and metastasis, and our findings show the combi-
nation’s ability to deplete MDSCs and enhance systemic 
immune responses, there is potential for this approach to 
be effective against distant metastatic disease.

In conclusion, this investigation establishes that Aurora 
A inhibition induces apoptosis, DNA damage, and ICD 
(specifically pyroptosis) in HPV-positive tumors. To our 
knowledge, this study is the first to demonstrate the 
immune-modulating effects of Aurora A inhibition in 
the context of HPV-positive tumors. Importantly, the 
research showed that alisertib enhanced the efficacy of 
ICIs targeting PD-1 or CTLA-4 in HPV-positive cancers, 
and the combination of alisertib and anti-CTLA-4 exhib-
ited superior antitumor efficacy. The observed tumor 
regression was driven by both immune modulation and 
the direct reduction of tumor cell viability. The observed 
increased long-term survival, and enhanced CD8 T-cell 
responses underscore the potential efficacy of this 
combination therapy. Additionally, the study highlights 
alisertib’s unique ability to selectively deplete MDSCs, 
contributing to efficient tumor regression and influ-
encing the TIME. Our findings not only shed light on 
the novel immune-modulating effects of alisertib but also 
suggest that combining Aurora A inhibition with immune 
checkpoint blockade is a promising strategy for treating 
HPV-positive cancers.
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