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Introduction
Aurora A, a member of the evolutionarily conserved Aurora ser-
ine/threonine kinase family, is an essential mediator for centro-
some maturation and separation and for the ultimate formation of 
the mitotic spindle during mitosis (1). Because of its central role 
in cell division, Aurora A amplification is found in a number of 
tumors and is known to be associated with poor clinical outcomes, 
making it an attractive target for cancer therapy (2). Inhibition of 
Aurora A induces growth inhibition and apoptosis in a variety of 
tumor cells (3). Several clinical trials of Aurora A inhibitors have 
been developed for cancer treatment (4). However, the only clini-
cal trial to make it to phase III (alisertib, in patients with relapsed or 
refractory peripheral T cell lymphoma) was discontinued because 
of unsatisfactory efficacy (5). The reason that Aurora A inhibitors 
have failed to show benefits in patients with cancer is not yet clear. 
Recent studies have indicated a possible role for Aurora A in can-
cer-associated immunity (6, 7). However, the molecular details 
of how Aurora A is involved in the tumor microenvironment and 

in antitumor immunity are unknown. In addition, it is unclear 
whether the immune-regulatory function of Aurora A is involved 
in tumor resistance to Aurora A inhibitors.

Programmed death ligand 1 (PD-L1, also known as B7-H1 and 
CD274) is an immune checkpoint protein that is often overexpressed 
in a variety of human cancers (8). The interaction between PD-L1 
and the programmed cell death 1 receptor (PD-1) suppresses the 
activity of tumor-infiltrating lymphocytes (TILs) and enables tumor 
cells to evade immune surveillance (9). Neutralizing antibodies 
targeting PD-1/PD-L1 have shown a substantial therapeutic bene-
fit in patients with cancer (10–12). Anti–PD-1/anti–PD-L1 antibody 
(anti-PD) therapy has been integrated into the standard-of-care 
regimens for patients with multiple types of cancers, including 
advanced melanoma, renal cancer, hepatocellular carcinoma, and 
refractory Hodgkin lymphoma (13). Although anti-PD therapy has 
resulted in dramatic improvements in outcomes for some patients, 
many do not benefit from this therapy because of multifaceted 
primary and secondary resistance to immunotherapy (14, 15). In  
the clinic, PD-L1 levels are positively correlated with the immu-
notherapy response in patients with non–small cell lung cancer 
(NSCLC), colon cancer, and renal cell carcinoma (16–20). High 
PD-L1 expression levels are accompanied by an increase in TILs and 
are associated with a better response rate to anti-PD therapy (17).

In this study, we found that Aurora A kinase inhibitors increased 
PD-L1 expression in tumor and myeloid immune cells. In vivo,  
the Aurora A inhibitor alisertib compromised its own antitumor 
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mined whether Aurora A inhibition upregulates PD-L1 expression 
in vivo and affects tumor growth by regulating the tumor immune 
microenvironment. CT26 cells were implanted into immunocom-
petent BALB/c mice, as well as into immunodeficient BALB/c nude 
mice, and the antitumor effect of alisertib was assessed. Interest-
ingly, pharmacological intervention with alisertib delayed tumor 
progression in immunodeficient BALB/c nude mice but failed to 
inhibit tumor growth in immunocompetent BALB/c mice (Figure 
3A). Thus, the antitumor efficacy of alisertib was compromised in 
immune-competent mice.

Next, resected tumor tissues from both mouse types were 
dissociated, and PD-L1-expressing cells were measured by flow 
cytometry. As shown in Figure 3, B and C, the percentage of PD-L1+ 
cells increased substantially after the administration of alisertib in 
both BALB/c mice (vehicle/alisertib = 19.05%/33.55%) and BALB/c 
nude mice (vehicle/alisertib = 22.68%/31.62%). This is consistent 
with the observed increase in PD-L1 in 3 murine cell lines (CT26, 
MC38, and B16-F10) (Supplemental Figure 3, A–C). These results 
indicated that alisertib upregulated PD-L1 expression in vivo.

To test whether the alisertib-induced PD-L1 expression in 
tumor cells affected the function of cytotoxic T cells in the mouse 
tumor microenvironment, we performed immunohistochemical 
staining of cytotoxic T cells with granzyme B (21) in tumor tissues 
isolated from BALB/c mice. The results showed lower granzyme B 
staining intensity and a lower percentage of granzyme B+ cells in 
the alisertib-treated group than in the vehicle group (Supplemen-
tal Figure 4). These results indicated that alisertib reduced the 
activity of cytotoxic T cells.

To determine whether the compromised antitumor effect of 
alisertib was due to tumor PD-L1 induction in mouse tumor mod-
els, we generated 2 Pdl1–/– CT26 cell lines using the CRISPR/Cas9 
system (Supplemental Figure 5A). Subsequently, WT CT26 cells 
or the 2 Pdl1–/– CT26 cells were implanted into immunocompetent 
BALB/c mice. The tumors in mice with implanted WT CT26 cells 
grew normally, whereas the tumors in mice implanted with Pdl1–/– 
CT26 cells showed spontaneous regression 6 days after implanta-
tion (Supplemental Figure 5, B and C). Thus, the Pdl1–/– CT26 cells 
were not suitable for evaluating the in vivo antitumor efficacy of 
alisertib. Next, we constructed a Pdl1–/– MC38 cell line (Supple-
mental Figure 6A) and implanted the cells into immunocompetent 
C57BL/6 mice. The results showed that tumors in Pdl1–/– MC38- 
implanted mice grew normally, although the tumor volume was 
smaller than that of tumors in WT MC38-implanted mice (Figure 
3D and Supplemental Figure 6B). Then, we evaluated the antitu-
mor effect of alisertib in the Pdl1–/– MC38 tumor models. Although 
alisertib failed to inhibit tumor growth in the WT MC38 group, it 
substantially delayed tumor progression in the Pdl1–/– MC38 group 
(Figure 3D and Supplemental Figure 6B). These results indicated 
that PD-L1 in tumor cells played an important role in restricting 
the in vivo antitumor effect of alisertib and that the compromised 
antitumor efficacy of alisertib was due to in vivo PD-L1 induction.

PD-L1 is expressed in many different host myeloid cells in 
addition to tumor cells, and the intensity of PD-L1 expression in 
certain types of host myeloid cells was higher than that of tumor 
cells. In addition, both host PD-1 and tumor PD-L1 contribute to 
immune suppression during the establishment of tumors (22–25). 
Therefore, we also assessed PD-L1 expression in macrophages 

efficacy by upregulating PD-L1. Blocking PD-L1 with an anti–PD-L1 
antibody enhanced the overall therapeutic efficacy of alisertib by 
augmenting T cell–mediated antitumor immunity. We also show that 
inhibition of Aurora A reduced cyclic GMP-AMP synthase (cGAS) 
phosphorylation. Unphosphorylated cGAS activated the stimulator 
of IFN genes (STING) pathway and its downstream transcription 
factor NF-κB, leading to the transcriptional upregulation of PDL1.

Results
Aurora A kinase inhibitors elevate PD-L1 expression in tumor cells. 
We screened a compound library that included 69 kinase inhib-
itors using a high-throughput flow cytometry system based on 
PD-L1 expression (Supplemental Figure 1, A and B; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI161929DS1). Three aurora kinase inhibitors, the selective Auro-
ra A inhibitor alisertib, the selective Aurora B inhibitor AZD1152, 
and the pan-Aurora inhibitor tozasertib, were found to enhance 
IFN-γ–induced PD-L1 expression (Supplemental Figure 1B and 
Supplemental Table 1). We validated these results with separate 
flow cytometric analyses for PD-L1 surface expression on BxPC3 
cells stimulated with IFN-γ (Supplemental Figure 1, C and D). 
Treatment with aurora kinase inhibitors also enhanced IFN-γ–
induced PD-L1 expression in other human tumor cell lines, includ-
ing A549, HCT116, and T24 (Supplemental Figure 2, A and B).

To further investigate whether the aurora kinase inhibitors 
could influence constitutive PD-L1 expression levels, we treated 
the BxPC3, A549, HCT116, and T24 cells with alisertib, AZD1152, 
or tozasertib in the absence of IFN-γ. We found that the 3 inhibi-
tors increased the expression of PD-L1 in the 4 cancer cells lines 
(Figure 1, A and B, and Supplemental Figure 2, C and D). These 
results indicated that Aurora kinase inhibitors could elevate PD-L1 
expression in a wide range of tumor cell types, regardless of the 
presence or absence of IFN-γ. Given that alisertib had advanced 
further in clinical trials than the other 2 compounds (5), we focused 
on alisertib for our study.

Western blot analysis showed that PD-L1 protein levels were 
increased in BxPC3 cells in a dose-dependent manner with alisert-
ib treatment (Figure 1C). PDL1 mRNA levels also increased in a 
dose- and time-dependent manner with alisertib treatment (Fig-
ure 1, D and E). Furthermore, alisertib treatment increased the 
surface binding of PD-1 protein in BxPC3 cells (Figure 1, F and G). 
These results demonstrated that alisertib increased PD-L1 expres-
sion and augmented the binding of PD-1 on the tumor cell surface.

Knockdown of Aurora A kinase elevates PD-L1 expression in 
tumor cells. To determine whether PD-L1 upregulation was due 
specifically to the inhibition of Aurora A and was not an off-target 
effect of the inhibitor, we performed Aurora A kinase–knockdown 
(AURKA-knockdown)experiments in BxPC3 cells using 2 differ-
ent siRNAs. Western blotting and flow cytometry confirmed that 
PD-L1 expression was substantially higher in AURKA-knockdown 
cells than in the scrambled control (Figure 2, A–C). In addition, 
PDL1 mRNA levels and PD-1 binding also increased when AURKA 
was knocked down (Figure 2, D–F). These results demonstrated 
that the knockdown of AURKA also increased PD-L1 expression 
and augmented the binding of PD-1 on the tumor cell surface.

Aurora A inhibition upregulates PD-L1 expression in vivo, which 
compromises the antitumor efficacy of the inhibitor. We next deter-
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sertib-treated group and the DMSO-treated group. Affected path-
ways were predominantly associated with the cytokine–cytokine 
receptor interaction pathway (Figure 4A). Interestingly, we found 
that the gene expression signature of cytokines induced by alisertib 
treatment was highly similar to that of previously reported STING/
NF-κB–regulated cytokines (Figure 4B) (26). The upregulation of 
these cytokines was validated by quantitative reverse transcription 
PCR (qRT-PCR) (Supplemental Figure 8).

To determine whether NF-κB is involved in alisertib-induced 
PD-L1 upregulation, we pretreated BxPC3 cells with and without 
BAY11-7082 or TPCA-1, two different NF-κB inhibitors (27, 28). 
The cells were then treated with alisertib, and the levels of PD-L1 
and phosphorylated NF-κB p65 (p–NF-κB, referred to hereafter 
as p-p65) were analyzed. Alisertib increased the levels of PD-L1 
and p-p65 in untreated cells, but these increases were complete-
ly abolished by BAY11-7082 and TPCA-1 treatments (Figure 4C). 
qRT-PCR analysis confirmed that increased PDL1 mRNA expres-
sion was also blocked by the inhibition of NF-κB (Figure 4D). These 
results demonstrated that NF-κB activation was essential for the 
upregulation of PD-L1 caused by alisertib.

Next, we examined the role of STING in alisertib-induced 
PD-L1 upregulation. We first detected the expression of IFN-β, an 

(CD11b+F4/80+), myeloid-derived suppressor cells (MDSCs) 
(CD11b+Gr-1+), and DCs (CD11c+) with and without alisertib 
treatment (Supplemental Figure 7A). The results showed that 
PD-L1 expression increased in these immune cells after alisertib 
treatment, and the intensity of PD-L1 was much higher in macro-
phages, MDSCs, and DCs than in tumor cells (Supplemental Fig-
ure 7B). To further investigate whether PD-L1 expression on host 
myeloid cells contributes to reduced antitumor efficacy of alisert-
ib, we evaluated the antitumor effect of alisertib in Pdl1–/– and WT 
mice. We observed no tumor inhibition in WT mice, but alisertib 
substantially inhibited tumor growth in the Pdl1–/– mice (Figure 3E 
and Supplemental Figure 6C).

Taken together, alisertib increased the expression of PD-L1 on 
both tumor cells and myeloid cells, and this increase strongly cor-
related with the impaired response to alisertib, as the loss of PD-L1 
on tumor cells or systemically was associated with enhanced activ-
ity of Aurora A kinase inhibition.

PD-L1 upregulation caused by Aurora A inhibition depends on 
STING/NF-κB activation. To investigate the mechanism by which 
alisertib upregulates PD-L1 expression, we performed RNA-Seq 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis of genes differentially expressed between the ali-

Figure 1. Aurora A kinase inhibitor elevates PD-L1 expression in tumor cells. (A) Flow cytometric analysis of cell-surface PD-L1 expression in BxPC3 cells 
following treatment for 72 hours with 1 μmol/L alisertib, 0.5 μmol/L AZD1152, or 0.5 μmol/L tozasertib. (B) Normalized MFI for the data shown in A (n = 
3). (C) Western blot showing PD-L1 expression in BxPC3 cells after treatment for 72 hours with the indicated concentrations of alisertib. (D and E) qRT-PCR 
analysis of PDL1 expression in BxPC3 cells after treatment with alisertib at the indicated concentrations (D) and for the indicated durations (E) (n = 3).  
(F) Flow cytometric analysis of cell-surface PD-1 binding of BxPC3 cells after treatment for 72 hours with the indicated concentrations of alisertib. (G) Nor-
malized MFI for the data in F (n = 3). hFc, human Fc. Data indicate the mean ± SD. **P < 0.01 and ****P < 0.0001, by 1-way ANOVA.
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To investigate whether IFN-β also participates in alisertib-induced 
PD-L1 upregulation, we used an IFN-α/β receptor–neutralizing 
(IFNAR-neutralizing) antibody to block the function of IFN-β. As 
shown in Supplemental Figure 11A, the bioactivity of IFN-β was 
dose-dependently decreased by increasing the IFNAR–neutral-
izing antibody. Next, we pretreated BxPC3 cells with 5 μg/mL 
IFNAR-neutralizing antibody to completely abolish the function of 
IFN-β, followed by treatment with alisertib and detection of PD-L1 
expression. The results showed that alisertib could still upregulate 
PD-L1 expression in a dose-dependent manner when the function of 
IFN-β was blocked, although the upregulation of PD-L1 by alisertib 
was partially inhibited (Supplemental Figure 11B). Besides, we also 
used baricitinib, a JAK-STAT inhibitor (32), which interrupted the 
signaling of IFN-β efficiently (Supplemental Figure 11C). Consis-
tently, PD-L1 expression remained increased upon alisertib treat-
ment even in the presence of baricitinib (Supplemental Figure 11D).

The STING pathway could also activate the phosphorylation 
of downstream TANK-binding kinase 1 (TBK1) and IFN regulatory 
factor 3 (IRF3) in addition to NF-κB (33, 34). We therefore exam-
ined whether the STING/TBK1/IRF3 pathway was activated upon 

indicator of STING pathway activation (29, 30), and observed that 
IFNB mRNA expression was increased in a dose- and time-depen-
dent manner with alisertib treatment (Figure 4, E and F). Like-
wise, IFNB mRNA levels were also increased when AURKA was 
knocked down (Figure 4G). Moreover, the upregulation of IFNB 
mRNA induced by alisertib was abolished after pretreatment with 
BAY11-7082 or TPCA-1 (Figure 4H).

To further investigate the requirement for STING in the upreg-
ulation of PD-L1 induced by Aurora A inhibition, we knocked 
down STING and observed that PD-L1 upregulation by alisertib 
was almost completely abolished (Supplemental Figure 9, A and 
B). A similar inhibition of IFNB mRNA levels was also observed 
when STING was knocked down (Supplemental Figure 9C). We 
then generated 2 STING–/– BxPC3 cell lines and found that BxPC3 
cells lacking STING did not exhibit alisertib-induced upregulation 
of PD-L1 and IFN-β (Figure 4, I–K, and Supplemental Figure 10). 
These results demonstrated that STING was necessary for alisert-
ib-induced PD-L1 upregulation.

IFN-β is well known to induce the production of PD-L1 in 
tumor cells by activating the JAK/STAT signaling pathways (31). 

Figure 2. Knockdown of AURKA elevates PD-L1 expression in tumor cells. (A) Western blot analysis of the expression of indicated proteins following 
treatment with an AURKA siRNA or a control siRNA. (B) Flow cytometric analysis of surface expression of PD-L1 on BxPC3 cells after treatment with the 
indicated siRNA. (C) Normalized MFI for the data shown in B (n = 3). (D) qRT-PCR analysis of PDL1 expression in BxPC3 cells after treatment with the indi-
cated siRNA (n = 3). (E) Flow cytometric analysis of cell-surface PD-1 binding of BxPC3 cells after treatment with the indicated siRNAs. (F) Normalized MFI 
for the data in E (n = 3). Data indicate the mean ± SD. ***P < 0.001 and ****P < 0.0001, by 1-way ANOVA.
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down P53 and applied alisertib treatment. However, no obvious 
differences were observed in PD-L1 or IFN-β expression levels (Sup-
plemental Figure 13, A–C). We observed similar results in 2 P53–/– cell 
lines (Supplemental Figure 13, D–G). These results demonstrated 
that p53 was not involved in alisertib-induced PD-L1 upregulation.

Aurora A inhibition–induced PD-L1 upregulation is mediated by 
cGAS dephosphorylation. Given that PD-L1 upregulation induced 
by Aurora A inhibition depends on STING expression, we next 
explored a mediator that links Aurora A and STING. Because cGAS 
is a well-known upstream DNA sensor of STING and catalyzes 
the synthesis of 2′3′cyclic GMP-AMP (2′3′-cGAMP), a natural and 
efficient STING agonist (39), we first investigated the role of cGAS 
in alisertib-induced PD-L1 upregulation. We performed CGAS 
knockdown and evaluated PD-L1 expression by Western blotting 
and qRT-PCR after alisertib treatment. The results demonstrat-
ed that alisertib-induced PD-L1 upregulation was fully abolished 
(Supplemental Figure 14, A and B) and that the upregulation of 
IFN-β was also impaired (Supplemental Figure 14C). These results 
were confirmed using 2 CGAS–/– cell lines (Supplemental Figure 
15). As shown in Figure 5, A–C, the upregulation of PD-L1 and 
IFN-β induced by alisertib was completely abolished in cells lack-
ing cGAS. These results showed that cGAS was indispensable for 
alisertib-induced PD-L1 upregulation.

dsDNA was reported to activate cGAS in a sequence-indepen-
dent manner (40, 41). To investigate whether alisertib-induced 

alisertib treatment. No detectable phosphorylation changes in 
STING, TBK1, or IRF3 were observed. By contrast, these proteins 
were robustly phosphorylated by herring testis (HT) DNA, a well-
known STING activator (35) (Supplemental Figure 12A). Next, we 
used the TBK1 inhibitor amlexanox (36) to test the involvement of 
the TBK1/IRF3 pathway in PD-L1 upregulation. We found that pre-
treatment with amlexanox failed to inhibit alisertib-induced PD-L1 
and IFN-β upregulation (Supplemental Figure 12, B and C). We also 
analyzed RNA-Seq data for the mRNA expression levels of CCL5, 
CXCX9, CXCL10, and CXCL11, the target genes downstream of 
the STING/TBK1/IRF3 pathway (26), and found no elevation in 
their expression levels after alisertib treatment (Supplemental Fig-
ure 12D). The mRNA expression data were validated by qRT-PCR 
(Supplemental Figure 12E), which indicated that activation of the 
STING/TBK1/IRF3 pathway was not relevant to alisertib-induced 
PD-L1 upregulation, although STING itself was required.

The tumor suppressor p53 is phosphorylated by ataxia- 
telangiectasia mutated (ATM) upon DNA damage signaling and is 
delivered to STING to participate in the formation of an alternative 
STING signaling complex (26, 37). Aurora A phosphorylates p53, 
leading to Mdm2-dependent ubiquitination and degradation of p53 
(38). Hence, it can be postulated that Aurora A inhibition could sta-
bilize p53 and facilitates its complex formation with STING to pro-
mote downstream signaling. To test whether p53 participates in ali-
sertib-induced, STING-mediated PD-L1 upregulation, we knocked 

Figure 3. Aurora A inhibition upregulates PD-L1 expression in vivo, which compromises the inhibitor’s antitumor efficacy. (A–C) (A) Effect of vehicle 
or alisertib treatment on CT26 growth in BALB/c WT or BALB/c nude mice (n = 6). (B) Excised tumor tissues were digested to a single-cell suspension, 
and PD-L1+ cells were evaluated by flow cytometry. SSC-A, side scatter area. (C) Cumulative data for the percentage of PD-L1+ cells in B (n = 6). (D) Effect 
of vehicle or alisertib treatment on tumor growth in WT or Pdl1–/– MC38 mouse tumor models (n = 6). (E) Effect of vehicle or alisertib treatment on MC38 
growth in WT or Pdl1–/– C57BL/6 mice (n = 6). Data indicate the mean ± SD. A 2-way ANOVA was applied to compare time-dependent tumor growth.  
*P < 0.05 and ****P < 0.0001, by unpaired t test.
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PD-L1 upregulation was due to dsDNA-induced cGAS activation, 
we detected the changes in cytosolic DNA levels after alisertib treat-
ment but observed no obvious changes in cytosolic DNA concentra-
tion (Supplemental Figure 16). These results indicated that dsDNA 
was not involved in the alisertib-induced PD-L1 upregulation.

Aurora A is a kinase known to phosphorylate a number of cellu-
lar proteins, and cGAS is a cytosolic DNA sensor whose posttrans-
lational modification, including phosphorylation, is critical for its 
regulation. We sought to explore the interaction between Aurora 
A and cGAS and the direct regulation of the activity of cGAS. Co- 
immunoprecipitation experiments with HA–Aurora A and Flag-
cGAS showed that Aurora A bound to cGAS (Figure 5D). Next, 
to determine whether cGAS is a direct physiological substrate of 

Aurora A for phosphorylation, we performed Phos-tag electropho-
resis, which detects phosphorylated proteins on the basis of their 
slower mobility through the gel (42). Since Aurora A expression and 
activity peak during the G2/M phase, we treated BxPC3 cells with 
different concentrations of alisertib after the cells were synchro-
nized at the G2/M phase border by the CDK1 inhibitor Ro-3306. 
Ro-3306 treatment induced hyperphosphorylation of cGAS, which 
was determined by a high-molecular-weight mobility shift of the 
phosphorylated cGAS, indicating that cGAS was hyperphosphory-
lated during the G2/M phase when Aurora A was highly active (Fig-
ure 5E). The phosphorylation levels of cGAS were dose-dependent-
ly reduced by alisertib treatment (Figure 5E), suggesting that cGAS 
could be phosphorylated by Aurora A.

Figure 4. PD-L1 upregulation caused by Aurora A inhibition depends on STING/NF-κB activation. (A and B) RNA-Seq analysis was performed on BxPC3 cells 
after treatment for 72 hours with DMSO or 1 μmol/L alisertib. (A) KEGG pathway analysis of genes differentially expressed between the DMSO- and alisert-
ib-treated groups. The most substantially enriched pathways are shown. p.adjust, adjusted P value. (B) Heatmap of gene expression levels of the indicated 
cytokines or chemokines in DMSO- or alisertib-treated BxPC3 cells. (C and D) BxPC3 cells were pretreated for 6 hours with 10 μmol/L TPCA-1 or with 5 μmol/L 
BAY11-7082, followed by treatment for 72 hours with 1 μmol/L alisertib, and PD-L1 expression was assessed by Western blotting (C) and qRT-PCR (D). (E and 
 F) qRT-PCR analysis of IFNB expression in BxPC3 cells after the indicated concentrations (E) and durations (F) of alisertib treatment (n = 3). (G) qRT-PCR analy-
sis of IFNB expression in BxPC3 cells after treatment with the indicated siRNA (n = 3). (H) qRT-PCR analysis of IFNB expression (n = 3). (I–K) WT BxPC3 cells or 
STING–/– BxPC3 cells were treated with 1 μmol/L alisertib for 72 hours. (I) Western blot analysis of PD-L1 and STING protein levels. qRT-PCR analysis of PDL1 (J) 
and IFNB (K) mRNA levels (n = 3). Data indicate the mean ± SD. ***P < 0.001 and ****P < 0.0001, by 1-way ANOVA (D–H) and 2-way ANOVA (J and K).
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We next searched the cGAS protein sequence for a potential 
phosphorylation site that matched the Aurora A substrate consensus 
sequence: [KR]–[KR]–[S/Tp]–[Φ] (43), and a phosphorylation site 
was found at S64 in the cGAS N terminus. Next, we mutated the S64 
residue to alanine (S>A) and aspartate (S>D) to mimic dephosphory-
lated and phosphorylated protein species, respectively, and induced 
overexpression of WT cGAS and mutant cGAS in CGAS–/– BxPC3 
cells (Supplemental Figure 17A). The mRNA levels of PDL1 and IFNB 
markedly increased when cGAS was aberrantly expressed. Howev-
er, the upregulation of PDL1 and IFNB mRNA expression levels was 
much lower in cells that overexpressed cGAS 64D than in cells that 
overexpressed cGAS 64A (Supplemental Figure 17, B and C). These 
results indicated that the activity of cGAS was inhibited when cGAS 
was phosphorylated at S64 by Aurora A, and that Aurora A inhibi-
tion resulted in dephosphorylated cGAS, which activated the cGAS/
STING pathway to upregulate the expression of PD-L1 and IFN-β.

Anti–PD-L1 therapy improves the antitumor efficacy of Aurora 
A inhibitors. To determine whether blocking the PD-L1 pathway 
could improve the antitumor efficacy of alisertib, BALB/c mice 
bearing CT26 tumors were administered alisertib and anti–mouse 
PD-L1 antibody alone or in combination. Mice treated with alisert-
ib alone did not show a remarkable antitumor response, whereas 
treatment with an anti–PD-L1 antibody alone partially inhibited 
tumor growth. However, the combination of the 2 drugs substan-
tially potentiated the antitumor effects of the anti–PD-L1 antibody 
in this model (Figure 6A and Supplemental Figure 18A). Further-
more, mice that received the combination treatment showed no 

marked changes in body weight (Supplemental Figure 18B), indi-
cating that the mice were tolerant of the 2-drug therapy.

To evaluate antitumor immune responses in the local tumor 
microenvironment, we analyzed the changes in TILs in tumor tis-
sues by multicolor flow cytometry. The infiltration of the total T 
cell population (CD3+) was markedly increased when the 2 drugs 
were combined (Supplemental Figure 18, C and D). Alisertib treat-
ment alone increased the CD8+ T cell population compared with 
vehicle control treatment, and the alisertib-induced increase in the 
CD8+ T cell population was more pronounced when the inhibitor 
was combined with anti–PD-L1 antibody (Figure 6, B and C). The 
activity of tumor-infiltrating cytotoxic CD8+ T cells, as measured 
by granzyme B levels, was reduced after alisertib treatment, but 
the addition of anti–PD-L1 antibody restored this activity (Figure 
6, D and E). In addition, alisertib treatment alone increased the 
infiltration of CD4+Foxp3+ Tregs, but the combined treatment with 
anti–PD-L1 antibody completely abolished the infiltration of CD4+-

Foxp3+ Tregs (Supplemental Figure 18, E and F). Next, we used 
anti-CD8 antibody to immunodeplete CD8+ T cells and observed 
that the antitumor effects of anti–PD-L1 antibody alone or in com-
bination with alisertib were completely abolished (Supplemental 
Figure 19, A and B), which demonstrated the indispensable role of 
CD8+ T cells in the combination treatment. These results show that 
Aurora A inhibition by alisertib increased CD8+ T cell infiltration 
into tumors but decreased their cytotoxicity. Combination treat-
ment with PD-L1 therapy overcame the adverse effect of alisertib 
on CD8+ T cells and potentiated the antitumor effects of alisertib.

Figure 5. Aurora A inhibition–induced PD-L1 expression is mediated by cGAS dephosphorylation. (A–C) WT BxPC3 cells or CGAS–/– BxPC3 cells were treated 
with 1 μmol/L alisertib for 72 hours. (A) Western blot analysis of PD-L1 and cGAS protein levels. PD-L1 and cGAS were detected separately in 2 gels using the 
same biological samples, and GAPDH in each gel served as the loading control. qRT-PCR analysis of PDL1 (B) and IFNB (C) mRNA levels (n = 3). (D) Co-immu-
noprecipitation of Aurora A and cGAS. HEK293T cells were transfected with the indicated vectors encoding HA–Aurora A and Flag-cGAS. Whole-cell lysates 
were immunoprecipitated with anti-Flag beads, and the interactions were analyzed by Western blotting. (E) BxPC3 cells were synchronized with 10 μmol/L 
Ro-3306 for 16 hours and released into mitosis in the presence of alisertib at the indicated concentrations. Phosphorylation of cGAS was analyzed by Phos-
tag electrophoresis. Data indicate the mean ± SD. ****P < 0.0001, by 2-way ANOVA.
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These results indicated that the levels of active Aurora A were neg-
atively associated with PD-L1 expression in human tumor tissues.

Discussion
Currently, several Aurora A inhibitors are in clinical trials for can-
cer treatment. However, the most advanced clinical trial (phase 
III) of alisertib treatment for patients with relapsed or refractory 
peripheral T cell lymphoma has been discontinued due to unsatis-
factory efficacy (5). Evaluations of the antitumor efficacy of Auro-
ra A inhibitors have focused primarily on direct tumor killing, with 
little attention paid to cancer-associated immunity. Our study 
demonstrated that inhibition of Aurora A upregulated PD-L1 
expression, thereby allowing tumor cells to escape from immune 
surveillance. This scenario describes a plausible mechanism that 
would explain the poor outcomes observed with the use of Aurora 
A inhibitors in clinical trials.

Our study unraveled the molecular mechanisms underlying 
the enhancement of PD-L1 expression by alisertib. Inhibition of 
Aurora A by alisertib caused cGAS dephosphorylation and activa-
tion, which subsequently activated the STING/NF-κB pathway and 
increased the transcriptional expression of PDL1. We also showed a 

Active Aurora A levels are negatively associated with PD-L1 expres-
sion in human tumor tissues. We next explored the association of 
Aurora A activity and PD-L1 expression in samples from patients 
with cancer. Since Aurora A activity is dependent on its phosphor-
ylation at the threonine 288 (T288) residue (44), we measured the 
levels of p–Aurora A at T288 and the expression levels of PD-L1 in 
human tissue microarrays. Tissue microarrays of 494 patients with 
colorectal carcinoma and corresponding para-carcinoma were 
examined using immunohistochemical staining. As shown in Sup-
plemental Tables 2 and 3, p–Aurora A expression was detected in 
139 carcinoma cases (28.1%) and 80 para-carcinoma cases (16.2%), 
and PD-L1 expression was detected in 63 carcinoma cases (12.8%) 
and 24 para-carcinoma cases (4.8%). We performed a correlation 
analysis of patient carcinoma tissues with positive p–Aurora A and 
PD-L1 expression. As a result, the expression levels of p–Aurora A 
were negatively associated with PD-L1 status (P = 0.04) (Supple-
mental Table 4). Specifically, approximately 63.2% of the carcinoma 
samples with low p–Aurora A expression had strong PD-L1 staining, 
and 83.3% of those with high p–Aurora A expression exhibited weak 
PD-L1 staining. Representative immunostaining images of p–Auro-
ra A and PD-L1 are shown in Figure 7 and Supplemental Figure 20. 

Figure 6. PD-L1 blockade therapy improves the antitumor activity of alisertib. (A–E) BALB/c mice were inoculated with CT26 cells and administered alisert-
ib, anti–PD-L1 antibody alone, or their combination. (A) Tumor growth curves of CT26 in BALB/c mice. Tumor volumes were measured at the indicated time 
points (n = 6). (B and D) Flow cytometric analysis of tumor-infiltrating CD8+ T cells (B) and granzyme B+CD8+ T cells (D). Representative plots are shown. (C 
and E) Cumulative data for B and D (n = 6). Data indicate the mean ± SD. A 2-way ANOVA was applied to compare time-dependent tumor growth. *P < 0.05, 
**P < 0.01, and ****P < 0.0001, by unpaired t test.
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study demonstrated an upregulation of PD-L1 expression not only by  
AURKA knockdown, but also by 3 different small-molecular Aurora 
kinase inhibitors in pancreatic, lung, melanoma, colorectal, and blad-
der cancer cells. This indicates that Aurora A kinase activity is involved 
in tumor immunity in a variety of tumor types.

In conclusion, we demonstrated that the selective Aurora A 
inhibitor alisertib upregulated PD-L1 expression, compromising 
its own antitumor efficacy. Further research revealed that upregu-
lation of PD-L1 induced by alisertib occurred through activation of 
the cGAS/STING/NF-κB pathway. Our findings reveal the immu-
nomodulatory functions of Aurora A, provide a plausible explana-
tion for the poor clinical outcomes of Aurora A inhibitors in clinical 
trials, and suggest a combination strategy to overcome the adverse 
effects of Aurora A inhibitors.

Methods
An expanded Methods section, including all uncut gels, is available in the 
supplemental materials.

Mouse tumor model. Six-week-old female BALB/c, BALB/c nude, and 
C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal 
Company. Pdl1–/– mice were purchased from the Shanghai Model Organ-
isms Center. CT26/MC38 (5 × 105 cells) or Pdl1–/– CT26/Pdl1–/– MC38 
(1 × 106 cells) cells were s.c. inoculated into the mice. For drug admin-
istration, alisertib (dissolved in 10% 2-hydroxypropyl-β-cyclodextrin 
and 1% sodium bicarbonate, oral gavage) was delivered once daily at 30 
mg/kg. Anti–PD-L1 monoclonal antibody, dissolved in PBS (BE0101, 
clone 10F.9G2, Bio X Cell) was injected i.p. at 200 μg on days 6, 11, and 
16. Anti-CD8 monoclonal antibody dissolved in PBS (BP0117, clone 
YTS169.4, Bio X Cell) was injected i.p. at 200 μg on days 1, 5, 9, 13, and 
17. Mouse weights and tumor volumes were measured every 3 days. The 
tumor volume was calculated as follows: 1/2 × length × width2.

Tumor-infiltrating cell analysis. Tumors were excised at the endpoint, 
cut into small pieces, and digested with 1 mg/mL collagenase (Milli-
poreSigma) for 40 minutes in a 37°C shaking incubator. Cell suspensions 
were filtered through a 70 μm cell strainer, and RBCs were removed 
using Red Blood Cell Lysis Buffer (B541001, Sangon Biotech) according 

direct interaction between Aurora A and cGAS and the phosphory-
lation of cGAS at S64 by Aurora A. The role of cGAS phosphoryla-
tion at S64 by Aurora A in the regulation of PD-L1 expression was 
explored by introducing phosphomimetic cGAS mutants (S64D), 
which showed a reduced ability to activate PD-L1 expression com-
pared with nonphosphorylated mutants (S64A). A previous report 
showed that cGAS could be phosphorylated by Aurora B at S13 and 
S64 (45). The shared phosphorylation site on cGAS at S64 by the 
2 aurora kinase isoforms indicated that Aurora B inhibitors might 
also upregulate PD-L1 expression by a similar mechanism. In this 
regard, the immune-suppressive effects of Aurora B inhibitors or 
pan–aurora kinase inhibitors might also be seen in vivo.

In the present study, we showed that the therapeutic efficacy of 
alisertib was compromised in MC38 mouse tumor models. How-
ever, alisertib inhibited the growth of Pdl1–/– MC38 cells in vivo and 
prevented the establishment of MC38 tumors in Pdl1–/– mice, which 
demonstrated that PD-L1 could compromise the in vivo therapeu-
tic efficacy of alisertib. In addition, the increase in PD-L1 expres-
sion induced by alisertib impaired the cytotoxic function of T cells, 
although the infiltration of T cells was increased. Therefore, it is rea-
sonable to use anti–PD-L1 antibody to reverse the adverse effects of 
alisertib mediated by PD-L1 induction. Yin et al. also demonstrated 
that alisertib treatment efficiently increases the number of infiltrated 
T lymphocytes, which cooperates with anti–PD-L1 therapy to inhibit 
the growth of 4T1 tumors (6). Our studies suggested a combination 
strategy to improve the antitumor efficacy of Aurora A inhibitors.

A recent report showed that nuclear Aurora A triggered the 
PD-L1–mediated immune suppression in triple-negative breast can-
cer (TNBC) cells (7). Nuclear Aurora A has recently emerged as an 
oncogene in certain types of tumors, and its function is largely dis-
tinct from that of the conventional Aurora A. Nuclear Aurora A has 
nonmitotic, kinase-independent functions and is involved in onco-
gene-mediated cell transformation and self-renewal of cancer stem 
cells (46, 47). Therefore, it can be postulated that tumors may have 
different regulatory mechanisms for immune surveillance depend-
ing on the presence of either nuclear or conventional Aurora A. Our 

Figure 7. Active Aurora A levels are negatively associated with PD-L1 expression in human tumor tissues. Representative images of IHC staining for p–
Aurora A and PD-L1 in human colon cancer tissues. Scale bar: 500 μm (enlarged insets).
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method. The sequencing reads were mapped to mm10 using STAR 2.5, 
and feature counts software was used to quantify gene expression. The 
EdgeR R package was used to perform differential gene expression 
analysis. The raw sequencing data reported in this work have been 
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