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Abstract: According to clinical studies, statins improve the efficacy of programmed death-1/programmed
death-ligand 1 (PD-1/PD-L1) blockade therapy for breast cancer; however, the underlying mecha-
nisms are unclear. Herein, we showed that atorvastatin (ATO) decreased the content of PD-L1 in
extracellular vesicles (EVs) by reducing cellular PD-L1 expression and inhibiting EV secretion in
breast cancer cells, thereby enhancing the efficacy of anti-PD-L1 therapy. ATO reduced EV secretion
by regulating the Rab proteins involved in EV biogenesis and secretion. ATO-mediated inhibition
of the Ras-activated MAPK signaling pathway downregulated PD-L1 expression. In addition, ATO
strongly promoted antitumor efficacy by inducing T cell-mediated tumor destruction when combined
with an anti-PD-L1 antibody. Moreover, suppression of EV PD-L1 by ATO improved the reactivity of
anti-PD-L1 therapy by enhancing T-cell activity in draining lymph nodes of EMT6-bearing immuno-
competent mice. Therefore, ATO is a potential therapeutic drug that improves antitumor immunity
by inhibiting EV PD-L1, particularly in response to immune escape during cancer.
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1. Introduction

Immunotherapy with current programmed death-1/programmed death-ligand 1
(PD-1/PD-L1) inhibitors has been approved for clinical application because of its promis-
ing advantages in improving the prognosis of cancer patients. However, the responses
of many patients to immunotherapy remain unsatisfactory [1]. PD-1 bound to PD-L1
can inhibit T-cell activation. Tumor cells overexpress PD-L1 and bind the PD-1 of T cells,
thereby causing immune escape. The use of anti-PD-1/PD-L1 antibodies prevents their
binding to some extent and partially restores T-cell activity. PD-L1 can be expressed
on the surface of tumor cells; however, it also exists in extracellular forms, such as
extracellular vesicles (EVs) including exosomes. EV PD-L1 has the same structure as
that of PD-L1 on the tumor cell surface; it can also bind to PD-1 in T cells. EV PD-L1 that
binds to PD-1 on T cells inhibits the activation and proliferation of CD8+ T cells, and can
cause immune evasion [2,3].

Abnormal synthesis of mevalonate and cholesterol is closely related to tumor de-
velopment, growth, and progression [4,5]. Cholesterol is implicated in the clinical pro-
gression of breast cancer. Previous studies have identified the cholesterol metabolite
27-hydroxycholesterol (27HC) as a major mediator of the effects of cholesterol on breast
tumor growth and progression [6]. 27HC acts as an estrogen receptor (ER) modulator to
promote the growth of ERα+ tumors and as a liver X receptor ligand in myeloid immune
cells to establish an immunosuppressive program. 27HC promotes EV secretion [6]. The
secretion and contents of EVs can be regulated by a cholesterol metabolite, which may have
detrimental effects on disease progression.
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Statins are cholesterol inhibitors that selectively inhibit HMG-CoA reductase (3-
hydroxy-3-methyl-glutaryl coenzyme A reductase, HMGCR), a rate-limiting enzyme in
the mevalonate biosynthesis pathway; they are widely used in treating hyperlipidemia
and cardiovascular diseases [7]. Statins have beneficial effects, such as improving overall
survival and reducing the risk of cancer-related deaths; however, their potential effects
on cancer remain uncertain [8–10]. In addition, elevated anticancer effects of statins in
chemotherapy and targeted therapy are observed in patients with various cancers [11,12].
Statins can be used in combination with immune checkpoint blockade therapy in cancer. In
particular, statins exhibit significantly improved clinical results in patients with progressive
non-small cell lung cancer (NSCLC) treated with nivolumab, a PD-1-targeted monoclonal
antibody [13]. However, statin therapy is not an independent favorable prognostic factor,
although it is correlated with a favorable outcome [14].

Recently, statins have been reported to reduce PD-L1 by inhibiting AKT and β-catenin
signaling in NSCLC [15]. Statins are also reported to block the secretion of EVs induced
by upregulating cholesterol metabolism in acute myeloid leukemia and reduce exosome
secretion by inhibiting the mevalonate pathway in breast cancer [16,17]. However, the
function of statins in immune checkpoint regulation or EV PD-L1-mediated immune
regulation in cancer is largely unexplored. Based on the above factors, we hypothesize that
statins could affect EV PD-L1 expression, which is involved in immune evasion in cancers.

In this study, we found that atorvastatin (ATO) combined with anti-PD-1/PD-L1
antibodies can inhibit EV PD-L1, promote cytotoxic T-cell activity, and enhance antitumor
immune response, thereby causing antitumor effects.

2. Materials and Methods
2.1. Cell Lines and Cell Culture

All the human and mouse cancer cells were purchased from the American Type Culture
Collection. The cells were grown at 37 ◦C under a humidified atmosphere with 5% CO2
and 95% air. MDA-MB-231 and LLC1 cells were maintained in Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics. EMT6, 4T1,
and CT26 cells were maintained in RPMI supplemented with 10% FBS and 1% antibiotics.
The cell lines were ensured to be free of mycoplasma contamination before any experiments
were performed. The cells were changed every 30 days to maintain their condition.

2.2. Transmission Electron Microscopic Imaging

The EVs of MDA-MB-231 cells isolated by ultracentrifugation were deposited on pure
carbon-coated EM grids. The cells were fixed with 2% paraformaldehyde for 5 min and
washed thrice with phosphate-buffered saline (PBS). The cells were visualized at 40,000×
magnification [1] and 100 kV using a Hitachi HT-7700 transmission electron microscope
(Tokyo, Japan).

2.3. Cell Cytotoxicity Assay

MDA-MB-231 cells (50,000 cells/well) and EMT6 cells (10,000 cells/well) were seeded
onto 24-well cell culture plates and incubated for 24 h. The medium was replaced with
a serum-free medium with different concentrations of statins for another 48 h. Next,
0.5 mg/mL of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] solu-
tion was added, and the MTT solution and medium were removed. Isopropanol was added
and formazan crystals were dissolved by gentle shaking at room temperature. The mixture
was transferred to a 96-well plate and the absorbance was measured at 595 nm using a
microplate reader.

2.4. Isolation of EVs

EVs were isolated following the method previously described [18,19]. MDA-MB-231
and EMT6 cells were seeded onto a 15-cm plate (5 × 106 cells/plate). The supernatants
were centrifuged at 300× g for 3 min, 2500× g for 15 min, and 10,000× g for 30 min. Then,
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the supernatants were filtrated using a 0.2-mm syringe filter and centrifuged at 120,000× g
for 90 min. The pellets containing EVs were resuspended in 1 mL PBS and examined using
nanoparticle tracking analysis (NTA). The EV pellets were resuspended in a PBS or 1×
radioimmunoprecipitation assay (RIPA) buffer for further experiments.

Mouse plasma was centrifuged at 2500× g for 15 min and 10,000× g for 30 min. Then,
the supernatants were centrifuged at 120,000× g for 90 min. The pellets containing EVs
were resuspended in a 1× RIPA buffer (Cell Signaling Technology, Danvers, MA, USA).
Protein contents in the EVs were quantified using a Pierce BCA protein assay kit (Thermo
Scientific, Waltham, MA, USA). The purity range was approximately 2.5–3.8 × 108 EVs/µg.

2.5. NTA

Cell culture supernatants containing EVs were analyzed using a NanoSight LM10
device (NanoSight, Malvern, UK). A monochromatic laser beam at 405 nm was used to
analyze the nanoparticles; a video of 30-s duration was recorded at a rate of 30 frames/s
and a camera level of 9. EV movement was analyzed using NTA software (version 2.0;
NanoSight). Approximately 30–100 particles were analyzed for each field of view.

2.6. Western Blot Analysis

Proteins derived from cells and EVs were resolved using sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS–PAGE), transferred onto nitrocellulose
membranes, bound with primary antibodies, and incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies. Protein bands were visualized using en-
hanced chemiluminescence detection reagents (34580, Thermo Scientific, Waltham, MA,
USA). Primary antibodies against the following proteins were used: Alix (ab56932, Ab-
cam, Cambridge, UK), CD63 (ab68418, Abcam), TSG101 (ab56932, Abcam), Synthenin-1
(ab133267, Abcam), β-actin (112620, Cell Signaling Technology, Danvers, MA, USA),
PD-L1 (13684, Cell Signaling Technology), Rab27a (ab55667, Abcam), Rab11 (ab18211,
Abcam), Rab7 (ab50533, Abcam), pan Ras (sc-166691, Santa Cruz, Santa Cruz, CA, USA),
Rap1A (sc-398755, Santa Cruz), p-B-Raf (2696S, Cell Signaling Technology), B-Raf (9433S,
Cell Signaling Technology), p-MEK (9154S, Cell Signaling Technology), MEK (9126S, Cell
Signaling Technology), p-ERK1/2 (4370S, Cell Signaling Technology), ERK1/2 (4695S,
Cell Signaling Technology), p-AKT (4060S, Cell Signaling Technology), and AKT (9272S,
Cell Signaling Technology).

2.7. Flow Cytometry Analysis

MDA-MB-231 and EMT6 cells were harvested by centrifugation at 300× g for 3 min.
For cell surface staining, cell suspensions were washed in PBS, stained with an anti-PD-L1
antibody for 15 min on ice, and washed with PBS. The mean fluorescence intensity of the
cell surface PD-L1 was measured using a CytoFLEX instrument (Beckman Coulter, Brea,
CA, USA).

2.8. CD8+ T Cell-Mediated Cancer Cell Killing Assay

MDA-MB-231-luciferase cells (5000 cells/well) and 4T1-luciferase cells (5000 cells/well)
were plated in a 96-well plate. Human CD8+ T cells were isolated from human peripheral
blood mononuclear cells (PBMCs). Murine CD8+ T cells were isolated from the spleen of
healthy BALB/c mice. Cancer cells were then co-cultured with activated human CD8+ T
and murine CD8+ T cells. Next, the cells were treated with ATO and αPD-L1 for 48 h at
an effector-to-target ratio of 1:5. The cells were washed with PBS and 100 µL of 2 mg/mL
luciferin was added to each well. Luciferase activity was immediately measured using an
Alpha microplate reader (PerkinElmer, Waltham, MA, USA).

2.9. Animal Experiments

All the animal experiments were performed in accordance with the protocols ap-
proved by the Kyungpook National University (KNU) Institutional Animal Care and Use
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Committee (IACUC). EMT6 cells (2 × 105 cells in 50 µL Matrigel with 50 µL PBS) were
injected into the left fat pad of five-week-old female BALB/C nude mice. ATO (0.5, 1, and
10 mg·kg−1·day−1) was intragastrically administered for 21 days. EMT6 cells (2 × 105 cells
in 50 mL Matrigel with 50 mL PBS) were injected into the left fat pad of five-week-old fe-
male BALB/C wild-type mice. An anti–PD-L1 antibody (200 µg/mouse) was administered
intraperitoneally, and ATO (1 and 10 mg·kg−1·day−1) was administered intragastrically.
Tumor volume was measured every three days using a digital caliper and calculated using
the formula: (width)2 × length/2.

Mice were euthanized when their tumor volumes reached 1500 mm3. Complete
regression was defined as the tumors below 50 mm3 and continuing to regress until the
end of the study. A rechallenge experiment was performed as described previously [20].

2.10. Immune Phenotyping and Flow Cytometry Analysis

Flow cytometry immune phenotyping was performed as previously described [18].
Mice were sacrificed on day 21 and tumor-draining lymph nodes (TDLNs) were harvested.
The dead cells isolated from TDLNs were stained using a fixable aqua dead cell stain kit
(Invitrogen, Waltham, MA, USA) for 30 min on ice. The samples were first stained for
surface markers for lymphoid and immune populations followed by intracellular staining.
For FoxP3 and intracellular staining, a Foxp3/Transcription factor staining buffer set
(eBioscience, San Diego, CA, USA) was used according to the manufacturer’s protocol. The
samples were blocked with Fc block (BD Pharmingen, San Diego, CA, USA) for 10 min
on ice before staining with antibodies. Fluorescein isothiocyanate (FITC) anti-mouse CD3,
efluor780 anti-mouse CD45, peridinin chlorophyll protein-Cyanine 5.5 anti-mouse CD4,
efluor450 anti-mouse CD8, APC anti-mouse GzmB, APC anti-mouse IFNγ, and PE anti-
mouse FoxP3 were used. Immune phenotyping was performed using a CytoFLEX system
(Beckman Coulter). Single-dye staining was performed for compensation controls, and
nonspecific binding was evaluated with isotype controls.

2.11. Statistical Analysis

An unpaired two-tailed Student’s t-test was used to compare the two sets of data.
Data in the graph represent mean ± standard deviation. Statistical significance was set
at p < 0.05; *, **, ***, and **** correspond to p-values < 0.05, <0.01, <0.001, and <0.0001,
respectively. NS indicates no significant difference. Data were analyzed using the PRISM 6
software (GraphPad Software, Inc., San Diego, CA, USA).

3. Results
3.1. ATO Suppresses EV PD-L1 by Inhibiting EV Secretion and PD-L1 Expression

To determine whether ATO affects tumor-derived EV PD-L1, we treated breast cancer
cell lines, including MDA-MB-231 and EMT6 cells, with different ATO concentrations and
measured EV secretion. We confirmed the morphology of EVs secreted from MDA-MB-231
cells (Figure 1A). We determined a drug concentration that did not induce cytotoxicity. The
MTT assay showed no cell death at different ATO concentrations used here (Figure 1B).
ATO significantly inhibited EV secretion in a dose-dependent manner without affecting
the particle size (Figure 1C–E). Next, we investigated the effects of ATO on EV secretion-
related protein levels. As EV secretion decreased, the levels of EV marker proteins, such as
CD63 and Alix, decreased during ATO treatment. In addition, PD-L1 levels significantly
decreased in lysates of ATO-treated cells, and cell surface PD-L1 expression was also
decreased (Figure 1F,G). Therefore, ATO decreased EV PD-L1 expression by preventing EV
secretion and reducing PD-L1 expression in tumor cells.
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Figure 1. Atorvastatin (ATO) suppresses the secretion of EV PD-L1 by inhibiting EV secretion and
PD-L1 expression. (A) Transmission electron microscopy images of MDA-MB-231-derived EVs. The
images at the left and right panels show EVs with low (scale bar, 500 nm) and high magnification (scale
bar, 100 nm), respectively. (B) Measurement of cancer cell viability by MTT assay. MDA-MB-231 and
EMT6 cells were treated with different concentrations of ATO (n = 5). (C) Measurement of secreted
EVs by MDA-MB-231 and EMT6 cells using nanoparticle tracking analysis (NTA). Quantification of
secreted EVs in the presence of different ATO concentrations (n = 3). Size distribution of secreted
EVs from (D) MDA-MB-231 and (E) EMT6 cells with or without ATO treatment assessed using NTA.
(F) Immunoblot of various proteins in EVs and whole-cell lysates from MDA-MB-231 cells with or
without ATO treatment (n = 3). (G) Fold change of mean fluorescence intensity (MFI) of PD-L1 levels.
The results are presented as means ± S.D. of three independent experiments. *** p < 0.001, and
**** p < 0.0001.

3.2. ATO Suppresses EV PD-L1 by Regulating EV Biogenesis and the Mevalonate Pathway

To further explore the potential mechanism of EV PD-L1 inhibition by ATO, we
examined whether ATO influences EV biogenesis. We investigated the expression of Rab
and EV secretion-related proteins by western blotting. When MDA-MB-231 cells were
treated with ATO, which inhibits prenylation by inhibiting HMGCR, the location of Rab27a
(an EV secretion-related marker) shifted in blots, and the expression of Rab5, Rab7 (early
and late endosome markers), and Rab11 (recycling endosome marker) decreased [21].
Interestingly, we observed a single band for the untreated cells; however, an additional
mobility-shifted isoform of Rab27a was noticed in ATO-treated cells. This isoform may
represent un-prenylated Rab27a because the electrophoretic mobility of unmodified Rab27a
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proteins is slower than that of the prenylated forms in SDS–PAGE [22]. Moreover, the
expression of Alix (multivesicular body formation protein), which is involved in EV release,
decreased by ATO treatment. No significant difference in the expression of CD63 was
noticed (Figure 2A). Therefore, ATO inhibited EV release by inhibiting EV biogenesis
and secretion.
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Figure 2. ATO suppresses EV PD-L1 by regulating EV biogenesis and the mevalonate pathway.
(A) Immunoblot for the indicated Rab family proteins (Rab27a, Rab5, Rab7) and MVB (multivesicular
body) marker (Alix, CD63) in MDA-MB-231 cells. β-actin was used as a loading control for whole-cell
lysates. (B) Changes in Ras, Rap1A, Raf, MEK, ERK, and AKT expression in MDA-MB-231 cells.
(C) The inhibitory effect of ATO on EV secretion was reversed by the addition of mevalonic acid (MV)
to MDA-MB-231 cells. (D) The inhibitory effects of ATO on the expression of EV and other proteins in
MDA-MB-231 cells were reversed by the addition of MV. (E) The inhibitory effect of ATO on surface
PD-L1 levels was reversed by the addition of MV to MDA-MB-231 cells. The results are presented as
means ± S.D. of three independent experiments. * p < 0.05, *** p < 0.001, and **** p < 0.0001.

Atorvastatin inhibits Ras activation and its downstream signaling in glioblastoma
cells [23]. PD-L1 expression is mainly regulated via MAPK (Ras/Raf/MEK/ERK) and
PI3K/Akt pathways and can be controlled by many intracellular and extracellular sig-
nals [24,25]. Therefore, we investigated whether the inhibitory effect of ATO on the PD-L1
expression of breast cancer cells was associated with these signaling pathways. We observed
the unprenylated form of Ras with reduced electrophoretic mobility. Moreover, increased
unprenylated forms of Rap1A were detected in MDA-MB231 cells [26]. Consistent with
the inhibition of Ras prenylation, ATO decreased the phosphorylation of downstream
effectors of Ras signaling, such as Raf, MEK, ERK, and AKT (Figure 2B). Collectively, ATO
significantly reduced PD-L1 expression and the phosphorylation of Ras, Raf, MEK, ERK,
and AKT at the protein level.
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Statins, as mevalonate pathway inhibitors, reportedly reduce cancer-specific mortality
in patients with breast cancer [27]; however, the effects are controversial. HMGCR, a
rate-limiting enzyme of the mevalonate pathway, is associated with the anticancer effects
of statins [28]. Therefore, we hypothesized that the effects of ATO on EV PD-L1 levels were
mediated by HMG-CoA reductase inhibition. We confirmed that the effects of ATO on
EV secretion and cellular PD-L1 expression were inhibited by the addition of exogenous
mevalonic acid (MV), the product of HMG-CoA reductase (Figure 2C,D). Additionally, the
same phenomenon was observed for PD-L1 levels at the cell surface (Figure 2E). Moreover,
prenylation of Rab27a, a protein involved in EV secretion, was restored with MV treatment,
resulting in a band shift similar to that of the vehicle group (Figure 2D). Overall, these
observations suggested that ATO-induced EV PD-L1 reduction is related to EV biogenesis
and the mevalonate pathway.

3.3. ATO Combined with Anti-PD-L1 Antibody Enhanced CD8+ T Cell-Mediated Cytotoxic Effects

In a previous experiment, we observed that cellular PD-L1 level, EV secretion, and EV
PD-L1 decreased during ATO treatment in breast cancer cells (Figure 1C–E). Accordingly,
we tested whether CD8+ T cells activated by ATO have increased tumor-killing potential in
a co-culture system. MDA-MB-231- and 4T1-luciferase cells were co-cultured with CD8+ T
cells isolated from human PBMCs and mouse spleen, respectively. After activating the T
cells with anti-CD3 and CD28, they were treated with ATO and an anti-PD-L1 antibody.
Luciferase activity was measured after a specific period (Figure 3A). The cytotoxic effect
of CD8+ T cells increased when treated with a combination of ATO and an anti-PD-L1
antibody rather than ATO alone. Moreover, the combined treatment of ATO and an anti-PD-
L1 antibody showed cytotoxic effects by enhancing T-cell activity without cancer cell death
through the direct cytotoxic effect of these two drugs (Figure 3B). We also investigated
whether the activity of CD8+ T cells was modulated by MV. CD8+ T cell-mediated cytotoxic
effects were reversed when MV was added to anti-CD3/CD28- and ATO-treated cultures
(Figure 3C). These observations indicate the potential of ATO in activating CD8+ T cells via
the mevalonate pathway, enhancing their antitumor efficacy.
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and mouse CD8+ T cell-mediated cytotoxicity in MDA-MB-231- and 4T1-luciferase cells following
the indicated treatments (n = 3) (left). Luciferase activity of the 4T1-luciferase cells without mouse
CD8+ T cells (n = 3) (right). (C) Mouse CD8+ T cell-mediated cytotoxicity of ATO reversed by the
addition of MV. The results are presented as mean ± S.D. of three independent experiments. * p < 0.05,
** p < 0.005, *** p < 0.001, and **** p < 0.0001, respectively; NS, not significant.
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3.4. ATO Treatment Improves the Therapeutic Effect of Anti-PD-L1 Antibody

We investigated whether ATO enhances antitumor effects by immune checkpoint
blockade (ICB). To select mouse cancer cells before proceeding with the in vivo experiment,
we studied the expression of PD-L1 and HMGCR, the target receptors of ATO, in several
mouse cancer cell lines, including breast (4T1, EMT6), colorectal (CT26), and lung (LLC1)
cancer cells. We found that both PD-L1 and HMGCR expression was highest in EMT6 cells
(Figure 4A).
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HMG-CoA reductase (HMGCR) and PD-L1 from mouse cancer cell lines. β-actin was used as a
loading control for whole-cell lysates. EMT6 cells were subcutaneously inoculated into BALB/c
(B) nude or (C) wild-type (WT) mice (n = 6). The arrows indicate the beginning of ATO administration
(at tumor volume = 50–100 mm3). (D) Tumor mass of BALB/C WT mice implanted with EMT6
cells and treated with vehicle or ATO 10 mg/kg and anti-PD-L1 (n = 6). (E) Tumor weight of
BALB/C WT mice implanted with EMT6 cells. (F) Survival analysis of BALB/C WT mice with
different treatments (n = 6). (G) Immunoblots of PD-L1 of the circulating EVs and cellular PD-
L1 in tumors treated with or without ATO. Quantitative analysis of relative protein expression
(n = 6). (H) Changes in tumor volumes after tumor rechallenge in the EMT6 models. The results are
presented as mean ± S.D. of three independent experiments. * p < 0.05, ** p < 0.005, *** p < 0.001, and
**** p < 0.0001; NS, not significant.
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To investigate the effect of ATO on antitumor immunity, we compared the antitumor
effects of ATO in immunocompetent BALB/c wild-type (WT) and immunodeficient nude
mice using an EMT6 mouse model. We observed that tumor growth was significantly
reduced in the ATO-administered group of WT mice; however, no significant change was
observed in tumor growth in nude mice treated with 1 and 10 mg/kg ATO (Figure 4B,C).
These results suggest that the antitumor effect of ATO depends on an intact T-cell response.
Based on these observations, we hypothesized that ATO could enhance the antitumor
effect of ICB therapy by inhibiting EV PD-L1. We investigated the effect of the combined
treatment of ATO and an anti-PD-L1 antibody in the EMT6 syngeneic mouse model. The
combination significantly improved tumor growth inhibition, as shown by the graphs of
tumor volume and tumor weight (Figure 4D,E); in addition, it led to a higher survival rate
than that of the vehicle or ATO, or anti-PD-L1 antibody treatment alone (Figure 4F). EV
PD-L1 in mouse plasma decreased by ATO treatment alone or in combination with an anti-
PD-L1 antibody. The combined treatment of ATO and an anti-PD-L1 antibody enhanced the
therapeutic effect by suppressing EV PD-L1 in EMT6-bearing mice (Figure 4G). Additionally,
to determine whether combination therapy with ATO and an anti-PD-L1 antibody induces
a protective memory immune response, another set of tumors was rechallenged in mice
whose tumors regressed after combination therapy in the EMT6 syngeneic tumor model. In
the vehicle group, the tumor volume increased in a time-dependent manner, whereas in the
rechallenged group, tumors no longer grew (Figure 4H). These results indicated that the
combination of ATO and anti-PD-L1 induced immunological memory in the EMT6 model.

3.5. Combination Therapy with ATO and Anti-PD-L1 Antibody Increases Immune Response

We explored the effect of ATO treatment on the function of CD8+ T cells in DLNs. The
CD8+ T cell population and their cytotoxic activity significantly increased with the combination
therapy of ATO and an anti-PD-L1 antibody (Figure 5A,B), and the population of CD4+ cells
also increased; however, the proportion of regulatory T cells (Tregs) that suppress the effector
T cells decreased (Figure 5C–E). Overall, ATO-mediated inhibition of tumor-derived EV PD-L1
enhanced CD8+ T cell-mediated antitumor immune response. This result suggests that ATO
could be a potential therapeutic agent with anti-PD-L1 in clinical settings.
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EMT6 bearing a mouse (n = 6). The proportions of CD8+ cells in (A) CD45+ and (B) GzmB+ cells
in DLNs. The proportions of CD4+ cells in (C) CD45, (D) IFN-γ+, and (E) FoxP3+ cells in DLNs.
The results are presented as mean ± S.D. of three independent experiments. * p < 0.05, ** p < 0.005,
*** p < 0.001, and **** p < 0.0001; NS, not significant.

4. Discussion

In recent years, ICB therapy, which blocks immune checkpoints including PD-1/PD-L1, has
shown promising applications in clinical settings. However, with patient responses < 20% [3],
new therapeutic strategies are required to improve the efficacy of immune check-
point inhibitors.

Cholesterol is an essential component of mammalian cell membranes. Highly pro-
liferative cells, such as cancer cells, require more cholesterol to quickly synthesize mem-
branes [29]. Statins may influence tumor proliferation and exhibit anticancer activity by
reducing intracellular cholesterol biosynthesis. Although epidemiological evidence regard-
ing the role of statins in cancer patients is ambiguous [30], multiple studies have shown
that statins inhibit tumor development by targeting the L-mevalonate pathway [31–33].
Moreover, inhibition of the mevalonate pathway by statins in breast cancer cells decreases
exosome secretion [17]. However, the mechanisms of the in vitro antitumor potential of
ATO are unclear. EVs have emerged as one of the key components regulating the overall re-
sponse to anti-PD-1/PD-L1 therapy [2]. EVs act as important mediators in cancer initiation,
progression, metastasis, and immunity [34]. In addition, in a recent clinical trial, combi-
natorial therapy using nivolumab and statin improved NSCLC survival rates; however,
information regarding the functions of ATO in immune checkpoint regulation in cancer
or EV PD-L1-mediated immune regulation is scanty. In this study, we found that ATO
improved antitumor immune response in vivo, which was associated with suppression of
cell surface PD-L1 expression and EV PD-L1 levels in breast cancer cells.

In our previous study, sulfisoxazole and macitentan, which target endothelin receptor
A, inhibited the secretion of tumor-derived EV PD-L1, but not the expression of cellular
PD-L1, by regulating EV secretion in breast cancer cells and mouse models [18,20,35].
Interestingly, in the present study, ATO decreased both EV secretion and cellular PD-L1
expression; consequently, it suppressed tumor-derived EV PD-L1. This could be a novel
strategy for effective inhibition of EV PD-L1.

Statins reduce cholesterol biosynthesis by inhibiting the mevalonate pathway via
HMGCR inhibition. HMGCR is highly expressed in breast cancer patients [4]. The over-
expression of HMGCR and genes of the mevalonate pathway is correlated with poor
prognosis of recurrence-free and overall survival in breast cancer [5]. In acute myeloid
leukemia (AML) cells, HMGCR+ EV upregulates intracellular cholesterol levels and pro-
motes AML cell proliferation [36]. Treatment with the HMGCR inhibitor simvastatin or
small interfering RNA targeting HMGCR blocks chemotherapy-induced enhancement of
EV secretion in AML cells [36]. However, the mechanistic interplay between the meval-
onate pathway and EV secretion remains poorly understood. In this study, we found ATO
decreased EV secretion by regulating Rab. Moreover, we observed that Rab27a prenylation
was inhibited by ATO treatment, and its electrophoretic movement was slower than that
of the normal protein. Protein prenylation has been intensively studied in relation to
cancer. Prenylation creates a lipidated hydrophobic domain and thereby affects membrane
attachment or protein–protein interactions, which are essential for the biological function of
proteins. Prenylation is observed for several members of the Ras and Rho families of small
guanosine triphosphatases (GTPases). Rab prenylation is catalyzed by geranylgeranyl
transferase (GGTase) II, which is also referred to as Rab GGTase. Rab GGTase transfers two
geranylgeranyl groups to the C-terminal cysteine residues of Rab proteins [37]. Elevated
expression of Rab27 GTPases is associated with poor prognosis and cancer metastasis.
Moreover, these GTPases promote tumor growth and metastasis by enhancing exosome
secretion, which alters intracellular microRNA levels, expression of signaling molecules,
and the tumor microenvironment [38,39]. Statin-mediated inhibition of HMGCR disturbs
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posttranslational protein prenylation. Membrane targeting of Rab GTPases is influenced by
the prenylation motif [40]. Our results show that the inhibition of prenylation by ATO leads
to poor functioning of Rab27a and suppresses EV release by reducing vesicular membrane
transport. Further studies on mapping prenylation sites of Rab proteins would be required.

We observed that decreased EV secretion, cellular PD-L1 expression, and cytotoxic
effects of T cells induced by ATO were reversed by MV treatment. However, further studies
are required to corroborate them.

We demonstrated that ATO enhanced antitumor immunity to induce cancer cell death
when they were co-cultured with PBMCs. Orally administered ATO (up to 100 mg/kg)
has been reported to show antitumor effects against several cancers in immunodeficient
nude mice [41–44]. We also noticed concentration-dependent antitumor effects of ATO in
immunodeficient mice, but not in immunocompetent mice, when ATO was administered
(10 mg/kg) at a relatively low concentration than that in the previous study. Therefore,
the CD8+ T cell-mediated immune response is important for the antitumor effects of ATO.
Moreover, ATO potentiated anti-PD-L1 antibody therapy in syngeneic tumor models, which
correlated with enhanced granzyme B secretion from cytotoxic T cells. In a previous study,
ATO modulated the function of activated T cells by downregulating multiple co-inhibitory
receptors corresponding to increased interleukin-2 production in stimulated T cells [45].
In addition, by targeting Ras-activated mTOR signaling via ATO, co-inhibitory receptors
(e.g., PD-1, CTLA-4, TIM-3, LAG-3, 2B4, TIGIT, and CD160) and their ligands (e.g., PDL-1
and galectin-9) were downregulated [45]. Therefore, ATO can regulate EV PD-L1-mediated
immune evasion by downregulating co-inhibitory receptors and enhancing effector T
cells in the immune cells. Here, we present a novel mechanism whereby ATO improves
EV PD-L1-mediated immunosuppression; in addition, our results provide evidence that
ATO-induced antitumor immune responses can be regulated through the inhibition of
co-inhibitory receptors owing to T-cell activity and can be correlated with inhibition of
tumor-derived EV PD-L1.

In summary, ATO enhances the antitumor immune response and suppresses EV PD-
L1 expression by reducing the expression of cell surface PD-L1 and EV secretion; this
thereby inhibits the immune evasion of T cells. We showed that the mevalonate pathway
is an important molecular link between ATO and EV PD-L1-dependent immune escape
processes, indicating a potential therapeutic target for breast cancer treatment. Therefore,
co-treatment of breast cancer patients with ATO and anti-PD-L1 antibodies may improve
ICB responses. Importantly, this strategy can be used in future clinical trials for patients
with breast cancer.
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Combination of Pitavastatin and melatonin shows partial antineoplastic effects in a rat breast carcinoma model. Acta Histochem.
2014, 116, 1454–1461. [CrossRef]

44. Kitagawa, K.; Moriya, K.; Kaji, K.; Saikawa, S.; Sato, S.; Nishimura, N.; Namisaki, T.; Akahane, T.; Mitoro, A.; Yoshiji, H. Atorvas-
tatin augments gemcitabine-mediated anti-cancer effects by inhibiting Yes-associated protein in human cholangiocarcinoma cells.
Int. J. Mol. Sci. 2020, 21, 7588. [CrossRef]

45. Okoye, I.; Namdar, A.; Xu, L.; Crux, N.; Elahi, S. Atorvastatin downregulates co-inhibitory receptor expression by targeting
Ras-activated mTOR signalling. Oncotarget 2017, 8, 98215–98232. [CrossRef] [PubMed]

http://doi.org/10.1097/CAD.0000000000000885
http://www.ncbi.nlm.nih.gov/pubmed/32011362
http://doi.org/10.1186/s13058-018-1066-z
http://doi.org/10.3389/fphar.2018.01515
http://doi.org/10.1097/MD.0000000000014968
http://doi.org/10.1016/j.canlet.2014.01.013
http://www.ncbi.nlm.nih.gov/pubmed/24467965
http://doi.org/10.1002/pros.23019
http://www.ncbi.nlm.nih.gov/pubmed/26012482
http://doi.org/10.1038/pcan.2013.10
http://www.ncbi.nlm.nih.gov/pubmed/23567655
http://doi.org/10.1038/nrc.2016.76
http://www.ncbi.nlm.nih.gov/pubmed/27562463
http://doi.org/10.3390/ph13080180
http://www.ncbi.nlm.nih.gov/pubmed/32759810
http://doi.org/10.1016/j.ymthe.2016.10.009
http://doi.org/10.1080/20013078.2020.1800979
http://doi.org/10.1158/1078-0432.CCR-12-0489
http://doi.org/10.1158/0008-5472.CAN-12-0925
http://doi.org/10.1186/s12964-018-0255-9
http://doi.org/10.1091/mbc.e02-10-0639
http://doi.org/10.4172/2471-9552.1000111
http://doi.org/10.18632/oncotarget.6903
http://www.ncbi.nlm.nih.gov/pubmed/26771844
http://doi.org/10.1016/j.acthis.2014.09.010
http://doi.org/10.3390/ijms21207588
http://doi.org/10.18632/oncotarget.21003
http://www.ncbi.nlm.nih.gov/pubmed/29228684

	Introduction 
	Materials and Methods 
	Cell Lines and Cell Culture 
	Transmission Electron Microscopic Imaging 
	Cell Cytotoxicity Assay 
	Isolation of EVs 
	NTA 
	Western Blot Analysis 
	Flow Cytometry Analysis 
	CD8+ T Cell-Mediated Cancer Cell Killing Assay 
	Animal Experiments 
	Immune Phenotyping and Flow Cytometry Analysis 
	Statistical Analysis 

	Results 
	ATO Suppresses EV PD-L1 by Inhibiting EV Secretion and PD-L1 Expression 
	ATO Suppresses EV PD-L1 by Regulating EV Biogenesis and the Mevalonate Pathway 
	ATO Combined with Anti-PD-L1 Antibody Enhanced CD8+ T Cell-Mediated Cytotoxic Effects 
	ATO Treatment Improves the Therapeutic Effect of Anti-PD-L1 Antibody 
	Combination Therapy with ATO and Anti-PD-L1 Antibody Increases Immune Response 

	Discussion 
	References

