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Alternol triggers immunogenic cell death via reactive oxygen species generation
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ABSTRACT
Alternol is a naturally occurring compound that exerts antitumor activity in several cancers. However, 
whether Alternol induces antitumor immune response remains unknown. In this study, we investigated 
whether Alternol induced immunogenic cell death (ICD) in prostate cancer cells. Alternol triggered ICD in 
prostate cancer cells, as evidenced by the release of damage-associated molecular patterns (DAMPs) (i.e., 
calreticulin, CALR; high mobility group protein B1, HMGB1; and adenosine triphosphate, ATP) and pro- 
inflammatory cytokine (i.e., interleukin [IL]-1α, IL-1β, IL-6, and IL-8) expression. Alternol facilitated tumor- 
associated antigen uptake and cross-presentation, CD8 + T-cell priming, and T-cell infiltration in tumor- 
draining lymph nodes (LNs) and tumors. The presence of Alternol fostered antitumor immune response 
in vivo, resulting in delayed tumor growth and prolonged survival. Moreover, inhibition of reactive oxygen 
species (ROS) generation blocked Alternol-induced upregulation of pre-inflammation cytokines, endo
plasmic reticulum (ER) stress, and consequent antitumor immune response. Overall, our data indicate that 
Alternol triggers ICD in prostate cancer cells, which is mediated by ROS generation.
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Introduction

Prostate cancer (PCa) is the most frequently diagnosed cancer 
and the second-leading cause of cancer mortality in men in 
developed countries.1 Although patients with PCa initially 
benefit from treatments (e.g., androgen deprivation therapy, 
androgen-receptor-signaling inhibitors, and chemotherapeutic 
agents), the prognosis for these patients remains poor due to 
drug resistance.2,3 Cancer immunotherapy is considered the 
revolutionary therapeutic strategy for cancer, which induces 
long-lasting anti-tumor responses with few toxicity. Over the 
last decade, cancer immunotherapies, such as immune- 
checkpoint inhibitors (ICIs), adoptive T-cell therapy, and chi
meric antigen receptor T-cells (CART), have succeeded in 
preclinical studies and cancer clinical therapies for several 
cancers including melanoma,4–6 lung cancer,7 breast cancer,8 

and B-cell lymphoblastic leukemia.9 However, most of these 
immunotherapeutic strategies have only shown limited benefit 
for patients with PCa due to resistance and 
immunosuppression.10,11 Therefore, novel interventions trig
gering antitumor immune response are required for the 
improved treatment of PCa.

Cell death elicited by specific stimuli (such as chemotherapy 
and radiotherapy) triggers a potent antitumor immunity 
response (known as immunogenic cell death, or ICD).12 The 
released DAMPs (damage-associated molecular patterns) and 
pro-inflammatory cytokines are associated with the apoptotic 
cells that undergo ICD, and this facilitates tumor-associated 
antigen uptake and cross-presentation to T cells, and even
tually activates cytotoxic T-lymphocyte activity against 

tumors.13,14 Recent studies have revealed that certain antic
ancer drugs, including anthracycline,15,16 bortezomib,17 

oxaliplatin,18 crizotinib,19 dactinomycin,20 and 
mitoxantrone,21 foster ICD and induce immune response 
against tumor growth. Interventions targeting ICD not only 
directly induce cancer cell death but also trigger antitumor 
immune responses, and these are promising for the formula
tion of anti-tumor strategies.22,23

Alternol is a novel, naturally occurring compound isolated 
and purified from microbial fermentation products that are 
obtained from the bark of the yew tree in Kunming, China. 
Previous studies have demonstrated that Alternol exhibits anti
tumor activity against several cancers via induction of cell 
death.24–28 However, whether Alternol-induced cell death trig
gers immune response against prostate cancer remains 
unknown. In this study, we investigated whether Alternol 
triggered ICD in prostate cancer cells, determining by the 
release of DAMPs, increased numbers of antigen presenting 
cells (APC) and T-cell activation.

Materials and methods

Cell lines, reagents, antibodies

Human prostate cancer cells (i.e., LNCaP, 22RV1, PC-3), 
human embryonic kidney 293 T cells, murine prostate cancer 
cells RM-1, and murine melanoma cells B16-F0 were obtained 
from ATCC (Manassas, VA). LNCaP, 22RV1, PC-3, and RM-1 
cells were cultured in RPMI 1640 medium, supplemented with 
10% fetal bovine serum (FBS) (Gibco) plus 100 U/ml 
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penicillin/streptomycin and 2 mmol/L L-glutamine (Gibco). 
B16-F0 and 293 T cells were cultured using Dulbecco’s 
Modified Eagle’s Medium medium supplemented with 10% 
FBS plus 100 U/ml of penicillin/streptomycin and 2 mmol/L 
L-glutamine. Antibodies were listed as Table S1. Dimethyl 
sulfoxide (DMSO), ovalbumin (257–264) chicken, and propi
dium iodide (PI) were obtained from Sigma (St. Louis, MO, 
USA). Alternol was a kind gift from Strand Biotech Co 
(Shantou, China). Carboxyfluorescein succinimidyl ester 
(CFSE), mitoxantrone (MTX), and N-Acetylcysteine (NAC) 
were obtained from MCE (New Jersey, NJ, USA). 
CellTracker™ Deep Red and CMFDA were ordered from 
ThermoFisher Scientific (Shanghai, China). Febuxostat (FBX) 
was obtained from CSNpharm (Shanghai, China).

Measurement of extracellular ATP and HMGB1 levels

After conduction of the indicated treatment, cell culture media 
were collected and subjected to ATP (adenosine triphosphate) 
and HMGB1 (high mobility group protein B1) protein assays. 
ATP levels were measured using an enhanced ATP Assay Kit 
(Beyotime Institute of Biotechnology, Jiangsu, China). 
HMGB1 protein levels were determined using an enzyme- 
linked immunosorbent assay (IBL International, Hamburg, 
Germany). Absorbance was measured using the Cytation-i5 
Cell Imaging Reader (Biotek, USA).

Real time PCR

Real-time PCR was performed as in our previous studies.29 

Briefly, total RNA was extracted from cells using the Trizol 
reagent (Invitrogen) following the manufacturer’s instructions. 
1 µg RNA was subjected to reverse transcription (RT) using 
a 5× All-In-One RT MasterMix reverse Transcription Kit 
(ABM Company, Canada). Real-time PCR analysis was per
formed using a SYBR Green qPCR kit (ABM Company, 
Canada). 18S rRNA was used as an endogenous control. Real- 
time PCR was performed with LightCycler® 480 (ROCHE 
Diagnostic Spa). The relative expression level, expressing as 
a “change fold,” was calculated with the 2[−∆∆Ct] method. The 
primer sequences were described as Table S2.

Flow cytometry

CALR (calreticulin) exposure was determined as described in 
previous studies.30,31 Briefly, 5 × 105 cells per treatment were 
subjected to staining with an anti-CALR antibody (1:100) for 
40 min. After washing three times with phosphate buffered 
saline (PBS), cells were incubated with PI (1 μg/ml) for 10 min, 
and were then incubated with fluorescein isothiocyanate 
(FITC)-labeled anti-rabbit IgG (1:200) for 30 min. To exclude 
dead cells, CALR-positive cells were gated on PI-negative 
cells.32

To determine the surface markers of dendritic cells (DCs), 
spleen tissues of male C57BL/6 mice were dissociated into 
single cells by incubating with collagenase IV. Red blood cells 
were removed using an ammonium chloride-potassium (ACK) 
lysis buffer (Gibco, catalog# A1049201). Cells were co- 
incubated with four marker antibodies for 30 min, by using 

one antibody against general surface markers of DCs (i.e., anti- 
CD69, CD80, and CD86 antibodies) and three other antibo
dies, namely, phycoerythrin [PE]/sulfo-Cyanine7 [Cy7]- 
conjugated CD11 c, FITC-conjugated CD8a, and PE/ 
PC5.5-conjugated B220. PE-isotype-matched IgG antibodies 
were used as negative control. In the flow cytometer, the cells 
were gated on CD8a+ DCs (CD8a+/B220−/CD11c+) cells.

For myeloid-derived suppressor cells (MDSCs) and regulatory 
T cells (Treg) analysis, mouse spleen tissues were subjected to 
enzymatic digestion to obtain single cells. After removal of red 
blood cells using an ACK lysis buffer, cells were incubated with 
the indicated antibodies. MDSCs numbers were determined by 
performing co-staining using CD11b, Ly6C, and Ly6G antibo
dies. Cells were gated on CD11b-positive cells. Treg counts were 
obtained by performing staining for CD25, CD4, and FoxP3. 
Cells were first incubated with anti-CD25, CD4 antibodies for 
30 min followed by fixation with 0.5% paraformaldehyde. Fixated 
cells were permeabilized with 0.1% Triton X-100 (which included 
mouse FcR) for 10 min and then incubated with FoxP3 antibody 
for 30 min. Cells were gated on CD25-positive cells.

Flow cytometry was performed using the CytoFLEX 
(Beckman, Germany). Mean fluorescence intensity (MFI) and 
cellular population were analyzed by CytExpert soft (V.2.3.0.84).

Phagocytosis assay

Human DCs induction and phagocytosis assays were performed 
as previously described.30,31 Briefly, human peripheral blood 
mononuclear cells (PBMCs) were isolated from healthy donors 
by using a Lymphoprep kit (STEMCELL, catalog# 07801). 
Monocytes were enriched via immunomagnetic cell separation 
using an anti-CD14 MicroBeads (Miltenyi Biotec, catalog #130– 
050–201). To obtain the immature DCs, enriched monocytes 
were cultured for 6 days, supplemented with granulocyte 
macrophage-colony-stimulating factor (GM-CSF) (100 ng/ml, 
Peprotech) and IL-4 (100 ng/ml, Peprotech). Prostate cancer 
cells were subjected to treatment with DMSO, MTX (1 µM), and 
Alternol (10 µM) for 16 h, followed by incubation with 0.5 µM 
CFSE for 15 min. Immature DCs were labeled with CellTracker 
Deep. CellTracker Deep-labeled DCs and CFSE-labeled tumor 
cells were co-cultured for 4 h. Percentage of phagocytosis was 
determined by flow cytometry, as previously described.31

RM-1-Oval (chicken ovalbumin) cells constructs

The lentivirus vectors pLVX-puro-cOVA was a gift from Maria 
Castro (Addgene, catalog # 135073) expressing a model antigen 
peptide SIINFEKL (Ser-Ile-Ile-Asn-Phe-Glu-Lys-Leu). 
Lentivirus were packaged as described before.29 Briefly, 
psPAX2/pMD2.G (Addgene, catalog # 12259, 12260) and 
pLVX-puro-cOVA vector were co-transfected into 293 T 
cells. These RM-1 cells were subjected to infection with super
natants containing the lentivirus and were then selected using 
puromycin (Gibco, catalog #A1113802, 1 μg/ml).

In vivo studies

Six-week-old male C57BL/6 mice and severe combined immu
nodeficiency (SCID) mice were purchased from Vital River 
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Laboratory Animal Technology (Beijing, China). OT-I 
CD8 + T cell receptor (TCR)- Tγ mice were obtained from 
Jackson Laboratory. Mice were housed in a specific pathogen 
free (SPF) facility in our laboratory animal center (Jining 
Medical University). All procedures were performed in accor
dance with the protocol approved by the Institutional Animal 
Care and Use Committee of Jining Medical University.

Mouse xenograft models and Alternol administration
Mouse xenografts were generated as described in our previous 
study.25 Briefly, RM-1 cells (1 × 106) were injected subcuta
neously into the flanks of 6-week-old male SCID and C57BL/6 
mice. At 7 days after injection, mice were randomly divided 
into two groups (n = 8) and treated with solvent and Alternol, 
respectively. Alternol was administered intraperitoneally at 
a dose of 20 mg/kg every 3 days until the mice were sacrificed. 
Mice were sacrificed using CO2 inhalation, when maximum 
tumor diameter was close to 1.5 cm.

Animal vaccination
To induce ICD in vivo, tumor cells (1 × 106) were injected 

subcutaneously into the left flanks of six-week-old male 
C57BL/6 mice at day −20. Ten days after tumor cells inocula
tion, Alternol and MTX were administered intraperitoneally at 
a dose of 20 mg/kg and 3 mg/kg every day for 5 days, respec
tively. Tumors were surgically removed from the left flanks of 
mice under isoflurane anesthesia after inoculation for 20 days. 
Meanwhile, RM-1 cells (1 × 106) were injected subcutaneously 
into the right flank of mice. Tumor growth and survival studies 
were conducted.33

Mice vaccination in vitro was performed as described in 
previous studies.31 Briefly, 1 × 106 RM-1 or RM-1-Ova cells 
were subjected to treatment as indicated and then injected into 
the left flank of C57BL/6. Freeze-thawed DMSO-treated cells 
were used as control treatment. One week after vaccination, 
1 × 106 RM-1 or RM-1-Ova cells were injected into the right 
flank of male C57BL/6 mice.

T-cell infiltration assessment
Tumor-draining LNs and tumors were obtained from mice and 
subjected to formalin-fixation, dehydration, and paraffin- 
embedding, as in our previous publication.34 Following antigen 
retrieval with sodium citrate buffer (pH 6.0), 4 μm-thick paraf
fin-embedding tissue section slides were stained with FITC-CD3 
+ antibody, followed by Hoechst 33342 staining to visualize the 
nuclei. The microscopic images were acquired using a confocal 
microscope LSM 800 Zeiss (Carl Zeiss Micro-Imaging, Inc.).

Cross-presentation analysis
Cross-presentation analysis was performed as previously 
described.33Male C57BL/6 mice were vaccinated with Alternol- 
treated RM-1 cells, tumor-draining LN was dissociated and 
then splintered to a single-cell suspension at day 20 and 
35 days after vaccination, respectively. Percentage of H-2Kb- 
Ova+ DCs among tumor-draining LN and tumor was deter
mined by flow cytometry using PE/Cy7 anti-mouse CD11c, 
and PE anti-mouse H-2Kb. PE-conjugated mouse IgG was 
used as the isotype control for the anti-H-2kb-OVA antibody.

CD8 + T-cell priming assay
CD8 + T-cell priming was determined via assessment of the 
proliferation of OVA 257−264-specific T-cells (OT-I) and IFNγ 
production as previously described.33 Mice were vaccinated 
with DMSO- and Alternol-treated RM-1-Ova cells at day 0. 
CD8+ OT-I T-cells were isolated and enriched from the spleen 
tissues of OT-I CD8 + T-cells receptor (TCR)-Tγ mice using 
the CD8a+ T-Cell Isolation Kit (Miltenyi Biotec, catalog# 130– 
104–075) according to the manufacturer’s instructions. Ten 
days after vaccination, 2 × 106 CFSE-labeled CD8+ OT- 
I T cells were intravenously injected into mice. Proliferation 
of CSFE-labeled OT-I T-cells from tumor-draining LN cells 
was determined by flow cytometry at day 15 after vaccination.

Interferon (IFN)-γ expression of CD8 + T cells was mea
sured as previously described.35 Briefly, mice were vaccinated 
with DMSO- and Alternol-treated RM-1-Ova cells on day 0. 
Mice injected intraperitoneally 50 μg ovalbumin (257–264) 
peptide were used as a positive control. After 5 days of vaccina
tion, LNs were extracted from mice and digested into single 
cells. CD8 + T cells were enriched via immunomagnetic cell 
separation microBeads CD8a+ T Cell Isolation Kit (Miltenyi 
Biotec, catalog# 130–104–075). After re-stimulated with ovalbu
min (257–264) peptide (40 μg/ml) for 72 h, IFN-γ production in 
the culture medium was measured using a mouse IFNγ ELISA 
kit (BD Biosciences, catalog#555138). Absorbance was mea
sured using the Cytation-i5 Cell Imaging Reader (Biotek, USA).

CD8 + T-cell depletion and adoptive CD8 + T-cell transfer 
assay
CD8 + T-cell depletion was performed as previously 
described.35 Briefly, anti-CD8 antibodies (clone 53–6.7) were 
injected by i.p at days −9, −8, 0, and 7 at a dose of 10 mg/kg. Rat 
IgG2a, κ was used as an isotype control. An adoptive T-cell 
transfer assay was performed as previously described.30 

CD8 + T-cells were isolated from tumor-draining LNs and 
tumors of mice vaccinated with DMSO- and Alternol-treated 
RM-1 using the CD8a+ T cell isolation kit (Miltenyi Biotec, 
catalog# 130–104–075) and were then adoptively transferred 
intravenously into C57BL/6 J mice recipients at day −5. 
Parental RM-1 cells at a density of 5 × 105 cells per mouse 
were injected into the flank at day 0. Tumor growth and 
survival were assessed.

RNA-sequencing analysis

PC-3 cells were treated with 10 μM Alternol and DMSO for 
16 h followed RNA-sequencing. Sequence was performed using 
BGISEQ-500 platform. After removing the low-quality and 
adaptor-polluted reads from the raw data, clean reads were 
used to map to reference transcripts using Bowtie2.36 RSEM37 

and DEseq238 were used to calculate genes expression level and 
identify differentially expression genes (DEGs). DEGs were 
subjected to pathway classification and functional enrichment, 
using KEGG (Kyoto Encyclopedia of Genes and Genomes).

Statistical analysis

Data are presented as means ±s.e.m. from at least three inde
pendent experiments. One-way analysis of variance (ANOVA) 
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and Student’s t-test were performed to determine the statistical 
significance of multiple groups and two groups, respectively. 
Differences in growth curves were measured using two-way 
ANOVA. Overall survival and tumor-free curves were deter
mined by Log-rank (Mantel-Cox) test. All statistical analyses 
were performed using GraphPad Prism 8.0.2 software 
(GraphPad). Differences were considered statistically signifi
cant when p values were greater than 0.05.

Results

Alternol triggers the release of DAMPs and phagocytosis 
by DCs

To investigate the effect of Alternol treatment on ICD, we 
examined whether Alternol induced CALR exposure, and the 
release of HMGB1 and ATP, which are characteristic of 
ICD.13,14 MTX, a bona fide strong ICD, was used as a positive 
control in this study. Prostate cancer cell lines PC-3, LNCaP, 
and 22RV1 were subjected to treatment with Alternol, MTX, 

DMSO for 16 h. CALR exposure was determined by flow 
cytometry. CALR-positive cells were gated on PI-negative 
cells (Supplemental Figure S1a-d). Both Alternol and MTX 
treatments significantly increased CALR exposure on the cell 
surface of PC-3 (Figure 1a, d), LNCaP (Figure 1b, e), and 
22RV1 (Figure 1c, f) compared with DMSO treatment. 
However, there was lower CALR exposure in MTX-treated 
PC-3, LNCaP, and 22RV1 cells compared with those treated 
with Alternol (Figure 1a-f). Similarly, Alternol and MTX treat
ment significantly elevated the levels of HMBG1 in PC-3, 
LNCaP, and 22RV1 cells compared with DMSO treatment 
(Figure 1g). Consistent with CALR exposure, Alternol treat
ment favored the release of ATP in PC-3, LNCaP, and 22RV1 
cells compared with MTX and DMSO treatment (Figure 1h). 
Furthermore, we examined whether Alternol affected phago
cytosis by DCs. Alternol-induced apoptosis in PC-3, LNCaP, 
and 22RV1 cells was associated with enhanced rate of phago
cytosis by DCs compared with MTX and DMSO treatment 
(Figure 2a, b). These findings suggest that Alternol induces 
the release of DAMPs and phagocytosis by DCs in vitro.

Figure 1. Alternol triggers release of DAMPs. PC-3, LNCaP and 22RV1 cells were treated with DMSO, MTX (1 µM), and Alternol (10 µM) for 16 h. (a-c) Representative flow 
cytometry plots. CALR translocation was measured by flow cytometry analyses. (d-f) Quantitative data for CALR translocation. (g) Release of HMBG1 in PC-3, LNCaP, and 
22RV1 cells were determined by ELSA. (h) Release of ATP was measured by Luc-report analyses. Data from four independent experiments are presented as means ± s.e. 
m. (one-way ANOVA; * p < .05, ** p < .01, ***p < .001).
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Alternol triggers anti-tumor immune responses in vivo

A vaccination assay is the gold standard for the determina
tion of immunogenic cell death in vivo.13To further evalu
ate the effect of Alternol on ICD, we subcutaneously 
injected RM-1 tumor cells (1 × 106) into the left flank of 
6-week-old male C57BL/6 mice at day −20 days. To induce 
ICD in vivo, Alternol and MTX were administered intra
peritoneally at a dose of 20 mg/kg and 3 mg/kg every day 

for 5 days, respectively, beginning at day −10 after tumor 
cells inoculation. MTX was used as a positive control. 
Tumors were surgically removed from mice at 20 days 
after inoculation. Meanwhile, the mice were re-challenged 
with live parental RM-1 cells injected into the right flank of 
mice (Figure 3a). Mice vaccinated with Alternol-treated 
RM-1 presented with retarded tumor growth (Figure 3b), 
delayed tumor progression (Figure 3c), and prolonged 

Figure 2. Aternonl treatment enhances phagocytosis by dendritic cells (DCs). (a-b) CellTracker Deep Red labeled DCs were incubated with CMFDA labeled LNCaP cells 
treated with DMSO, MTX (1 µM), and Alternol (10 µM) for 2 h. (a) Representative flow cytometry analyses of phagocytosis by DCs. (b) Quantification of four independent 
experiments. Error bars are s.e.m. (one-way ANOVA; * p < .05, ***p < .001).

Figure 2. Continued.
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mouse survival (Figure 3d), compared with those observed 
in the mice vaccinated with MTX-treated and control mice. 
These data indicate that Alternol triggers ICD in prostate 
cancer cells in vivo. Moreover, Alternol treatment exerted 
more potent anti-tumor activity compared with that of 
MTX treatment.

To validate whether Alternol-induced anti-tumor immune 
response was the only effective mechanism against a specific 
cancer type, we vaccinated mice with Alternol-induced RM-1 
cells that underwent cell death and then the mice were re- 
challenged with RM-1 and B16 cells, respectively 

(Supplemental Figure S2a). Vaccination performed using 
RM-1 cells that underwent cell death significantly delayed 
RM-1 re-challenge-associated tumor growth and tumor inci
dence, but not that of B16 cells re-challenge (Supplemental 
Figure S2b, c). These data indicate that Alternol-induced anti- 
tumor immune response was elicited against a specific cancer 
type.

DCs activation and T-cell infiltration are notable features of 
anti-tumor immune response.39 As such, we examined whether 
DC activation and T-cell infiltration were involved in Alternol- 
induced anti-tumor activity. DC activation was determined by 

Figure 3. Alternol triggers antitumor immunity in vivo. (a-i) RM-1 cells (1 × 106) were injected subcutaneously into the flanks of 6-week-old male C57BL/6 mice. Ten days 
after tumor cells inoculation, Alternol and MTX were administered intraperitoneally at 20 mg/kg and 3 mg/kg, respectively, every day for 5 days. Tumors were surgically 
removed from mice at day 20 after inoculation. One week after tumor removal, mice were re-challenged with RM-1 cells (a). Tumor volume (n = 10, per group) (b), 
tumor-free and survival (n = 10, per group) (c, d) were monitored as indicated days. (e-g) Splenocytes were isolated from mice injected with DMSO- and Alternol 
(10 μM)- treated RM-1 cells. Surface markers CD69 (e, h), CD80 (f, i) and cd86 (g, j) of DCs were analyzed by flow cytometry (n = 5 mice per group). (e-g) Representative 
flow cytometry plots. (h-i) Quantitative data for CD69, CD80, CD86 expression. Two-way ANOVA analysis was performed to determine the statistical significance of 
tumor growth (b). Differences between tumor-free progression and animal overall survival were determined by Log-rank (Mantel-Cox) test analysis (c, d). One-way 
ANOVA was performed to determine the statistical significance of the two groups (h-g). The asterisks indicate significant differences between the indicated groups (** 
p < .01, *** p < .001).

Figure 3. Continued.
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flow cytometry. The cells were gated on CD8a+ DCs (CD8a+/ 
B220−/CD11c+) cells (Supplemental Figure S3a-f). Mice vacci
nated with Alternol-induced dying RM-1 cells that underwent 
cell death presented high expression levels of early activation 
marker CD69 and costimulatory molecule (CD80 and CD86) 
expression compared with that observed in control mice 
(Figure 3e-f, h-j). Similarly, Alternol significantly increased 
T-cell infiltration in tumor-draining LNs (Figure 4a, b) and 
in tumors (Figure 4c, d). This evidence suggests that DC 
activation and T-cell infiltration are associated with the occur
rence of Alternol-induced ICD.

Treg and MDSCs are well known for their roles in immuno
suppressive role during tumor development.40,41 Furthermore, 
we determined whether Alternol affected Treg and MDSCs. 
C57BL/6 mice were vaccinated with Alternol- and DMSO- 
treated RM-1 cells. The percentage of Treg and MDSCs in 
spleen tissues obtained from tumor-bearing mice was analyzed 
by flow cytometry. Monocytic MDSCs (M-MDSC, CD11b 
+Ly6ChighLy6G−) and polymorphonuclear MDSCs (PMN- 
MDSCs, CD11b+Ly6Clow Ly6G+) were gated on CD11b+ 
(Supplemental Figure S4a-d).42 Treg cells were gated on CD25 
+ cells (Supplemental Figure S5a-d). There was no significant 
difference between estimates obtained from mice vaccinated 

with Alternol and those obtained from mice vaccinated with 
DMSO-treated RM-1 cells in M-MDSCs and PMN-MDSCs 
(Supplemental Figure S6a, b). Interestingly, Alternol treatment 
significantly inhibited Treg cells (CD4+CD25+FoxP3+ Treg) 
(Supplemental Figure S6c, d). These findings indicate that 
Alternol may confer protection against tumor development 
in vivo, by shifting the tumor microenvironment toward an 
environment that leads to the generation of immune activation 
responses rather than immunosuppression.

To further verify the role of Alternol in the elicitation of an 
anti-tumor immune response, we generated SCID and C57BL/ 
6 mice xenograft models with RM-1 cells and then subjected 
the models to treatment with Alternol and solvent (Figure 4e). 
Alternol treatment exerted more potent anti-tumor activity in 
C57BL/6 mice xenograft model compared with that observed 
in the SCID mice xenograft model (Figure 4f, g). These data 
suggest that Alternol treatment triggers the establishment of 
anti-tumor immunity in vivo.

Alternol activates cross-presentation and T cell priming

To investigate the effect of Alternol-induced apoptotic tumor 
cell exposure on antigen cross-presentation, C57BL/6 mice 

Figure 4. Alternol triggers T-cell infiltration. (a-d) Six-week-old male C57BL/6 mice were injected withRM-1 cells and administered intraperitoneally Alternol to induce 
ICD in vivo as shown in (Figure 3a). Tumor-draining LNs and tumors were removed from mice on day 33 after vaccination. T-cell infiltration in tumor-draining LNs (a, b) 
and tumors (c, d) were determined by CD3 staining. (a, c) Representative flow cytometry plots. Scale bars, 20 μm. (b, d) Quantitative data (n = 4 mice per group). (e) RM- 
1 cells (1 × 106) were injected subcutaneously into the flanks of 6-week-old male SCID and C57BL/6 mice (n = 8, per group). Alternol was administered intraperitoneally 
at 20 mg/kg every 3 days. DMSO (20%) in corn oil was as Solvent control. Tumor volume was monitored as indicated days (f, g). Statistical significance of the two groups 
was performed using student’s t-test (b, d). Differences in tumor growth were determined using a two-way ANOVA analysis (f, j). The asterisks indicate significant 
differences between the indicated groups (** p < .01, *** p < .001).
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were vaccinated with Alternol-induced dying RM-1 OVA cells 
that underwent cell death. The percentage of H-2Kb-OVA+ (a 
complex of the OVA peptide [SIINFEKL] with H-2kb [MHC- 
I]), CD11c DCs of tumor–draining LNs were determined by 
performing flow cytometry using CD11c and an antibody that 
could recognize ovalbumin-derived peptide SIINFEKL bound 
to H-2Kb (Figure 5a, Supplemental Figure S7a-c). Alternol 
treatment resulted in cross-presentation of SIINFEKL on the 
surfaces of DCs obtained from tumor-draining LNs 
(Figure 5b, c).

To investigate the effect of Alternol on T-cell activation, 
IFNγ expression and T-cell proliferation were assayed in vivo, 
as indicated in Figure 5a. CFSE-labeled OT-I CD8 + T cells 
obtained from the spleen of OT-I mice were adoptively trans
ferred into C57BL/6 mice vaccinated with Alternol-treated 
RM-Ova cells (Figure 6a). CD8 + T-cell proliferation was 
determined by the level of CFSE dilution, using flow cytometry 
(Supplemental Figure S8a-c). Alternol treatment significantly 
enhanced T-cell proliferation (Figure 6b, c). Alternol treatment 
significantly increased the levels of IFNγ production in 
CD8 + T-cells compared to that observed with DMSO treat
ment (Figure 6d).

To verify whether CD8 + T-cell activation was critical for 
Alternol-induced antitumor immunity, we blocked CD8+ 

T cells with anti-CD8+ antibody in vivo (Figure 6e). T-cell 
blockade significantly inhibited Alternol-induced ICD in vivo, 
as indicated by the extents of tumor growth (Figure 6f), tumor 
incidence (Figure 6 g), and survival (Figure 6h). Subsequently, 
we isolated T cells from mice vaccinated with Alternol- and 
DMSO-treated RM-1 cells and then transferred adoptive 
T cells into naïve C57BL/6 mice. The naïve mice were chal
lenged with RM-1 cells (Figure 6i). Compared with the control 
treatment, the transfer of T cells from mice vaccinated with 
Alternol-treated RM-1 cells seemed to confer protection 

against tumor growth (Figure 6j) and tumor incidence 
(Figure 6k), and prolonged survival (Figure 6l). Overall, these 
findings indicate that Alternol may activate cross-presentation 
and T-cell priming. Moreover, T-cell activity is necessary for 
Alternol-induced ICD.

Alternol facilitates the release of pro-inflammatory 
cytokines

To further study the mechanism underlying Alternol-induced 
ICD, PC-3 cells were subjected to treatment with Alternol and 
DMSO for 16 h and then was performed global RNA sequen
cing to determine gene expression patterns. Based on the 
expression fold change and significance (|log2 (fold change) | 
>1, P < .05), 168 DEGs were identified in this study, including 
101 up-regulated and 67 down-regulated genes. To identify the 
hub genes and associated pathway involved in alternol-induced 
ICD, DEGs were subjected to KEGG pathway analysis. The 
result showed that the hallmark pathway with the most con
siderable number of DEGs (CCL20, CXCL2, CXCL3, IL-8, 
IL1A, IL1B, IL2RB, IL6, IL7R, INHBE, and TNFSF10) was 
cytokine–cytokine receptor interaction, which is closely related 
to inflammation (Figure 7a). Enriched DEGs except for 
TNFSF10 were significantly upregulated in Alternol-treated 
PC-3 cells compared with that observed with DMSO treatment 
(Figure 7b). These results indicate inflammation is associated 
with the occurrence of Alternol-induced cell death.

Reactive oxygen species (ROS) production is necessary for 
Alternol-induced ICD

Inflammatory responses are essential to ICD.43 Our previous 
studies had shown that Alternol was appreciably efficient at 
inducing ROS production,24 which triggers the release of 

Figure 5. Alternol activates cross-presentation. (a) Experimental scheme for cross-presentation assay in vivo. RM-1-Ova cells were treated with DMSO and Alternol 
(10 µM) for 16 h. C57BL/6 mice were vaccinated with DMSO- and Alternol-treated RM-1-Ova cells. After 1 week, mice were re-challenged with RM-1-Ova cells. Tumor- 
draining LNs were dissociated from mice at 20 days. H-2Kb-OVA expression of CD8+ DCs was determined by flow cytometry. (b) Representative flow cytometry plots. (c) 
Quantitative data for the percentage of H-2Kb-OVA DCs (n = 5 mice per group). Error bars are means ±s.e.m. (Student’s t-test, ***p < .001 versus DMSO treatment).
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inflammatory cytokines. Thus, our hypothesis in the present 
study was that Alternol triggered ICD via ROS generation- 
medicated inflammatory. NAC is a reduced glutathione 
(GSH) precursor, acting as a scavenger of ROS.44 To validate 
this hypothesis, PC-3 cells were treated with DMSO, Alternol, 
NAC, or Alternol + NAC for 16 h. ROS inhibition blocked 
Alternol-induced upregulation of IL-8 (Figure 7c), IL-1A 
(Figure 7d), IL-6 (Figure 7e), and L-1β (Figure 7f) expression 
and that of eIF2α phosphorylation (Figure 7g, Supplemental 
Figure S9a-c), which is a biomarker of endoplasmic reticulum 
(ER) stress and ICD.45 Our previous studies had shown that 
Alternol elevated ROS production by enhancing xanthine 

dehydrogenase (XDH) oxidative activity.24 Febuxostat (FBX) 
is a selective inhibitor of XDH, which forms a stable complex 
with both the reduced and oxidized form of the enzyme, 
thereby inhibiting its function.46 To validate the role of the 
XDH/ROS axis in Alternol-induced antitumor immune 
response, RM-1 cells were treated with DMSO, Alternol, 
Alternol+FBX or Alternol + NAC for 16 h and then C57BL/6 
mice were vaccinated as showed in (Figure 7h). FBX and NAC 
treated significantly abolished Alternol-induced retarded 
tumor growth (Figure 7i), blocked Alternol-induced delayed 
tumor progression (Figure 7j), and eliminated Alternol- 
induced prolonged mice survival (Figure 7 k). These results 

Figure 6. Alternol-induced ICD is mediated by CD8 + T cells. (a) Experimental scheme for CD8 + T-cell priming. Alt-induced apoptotic RMA-1 vaccinated C57BL/6 mice 
were re-challenged by RM-1 cells on day 7. Ten days after vaccination, CFSE-labeled OT-I CD8 + T-cells were injected into mice. On day 15 after vaccination, CFSE dilution 
of CD8 + T-cell in draining LNs was determined by using flow cytometry and ELISA. (b) Representative flow cytometry analyses of T-cell proliferation. (c) Quantitative 
data for T-cell proliferation (n = 4 per group). (d) ELISA analysis for FNγ production of CD8 + T-cell (n = 4 per group). Mice were vaccinated with DMSO- and Alternol- 
treated RM-1-Ova cells on day 0. Mice injected intraperitoneally 50 μg ovalbumin (257–264) peptide were used as a positive control. After 5 days of vaccination, LNs 
were extracted from mice and digested into single cells. CD8 + T cells in LNs were enriched and re-stimulated with ovalbumin (257–264) peptide (40 μg/ml) for 72 h, 
IFN-γ production in the culture medium was measured using an ELISA kit. (e) Schematic diagram of experiments for T cell block. On days −9, −8, 0, 7, mice were injected 
with anti-CD8+ antibody (for CD8 + T-cell depletion) at 10 mg/kg. IgG2b antibody was used as a control treatment. Mice were vaccinated with apoptotic tumor cell 
vaccination at day 0. Tumor volume (n = 10 per group) (f), tumor-free (n = 10, per group) (g) and survival (n = 10 per group) (h) were monitored as indication day.(i-l) 
T cell transfer was performed as indicated (i), tumor volume (n = 8 per group) (j), tumor-free (n = 10 per group) (k) and survival (n = 10 per group) (l) were monitored as 
indication day. Student’s t-test was performed to determine the statistical significance of two groups (c, e). Statistical analysis of tumor growth, tumor-free progression, 
and animal overall survival was performed using two-way ANOVA analysis (g, k) and Log-rank (Mantel-Cox) test analysis, respectively (h, i, l, m). The asterisks indicate 
significant differences between the indicated groups (*** p < .001).

Figure 6. Continued.
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indicate that Alternol-induced XDH/ROS pathway activation 
is necessary for the elicitation of Alternol-induced antitumor 
immune response.

Discussion

In the present study, Alternol was found to trigger ICD in 
prostate cancer cells, as evidenced by the increase in the release 
of DAMPs, pro-inflammatory cytokine expression, and anti
tumor immune response. Alternol treatment led to the activa
tion of tumor-associated antigen uptake and cross- 
presentation of DCs, along with T-cell priming and infiltration 
in tumor-draining LNs, resulting in antitumor immune 
response. Moreover, blockade of ROS generation inhibited 
Alternol-driven ICD. This evidence suggests that Alternol trig
gers ICD in prostate cancer cells, which is mediated by ROS 
generation.

ICD induction induces ER stress and, consequently, the 
release of DAMPs.39 The release of DAMPs enhances the rate 
of tumor cell phagocytosis by DCs, uptake and presentation of 
tumor-associated antigens to T-cells,47 and inflammatory,48 

eventually resulting in immune activation against tumor 
growth. Several DAMPs have been identified and are involved 
in ICD, including (but not limited to) CALR, HMGB1, and 
ATP. In the present study, we found that Alternol triggered 
ICD, as evidenced by the increased the rate of HMGB1 and 
ATP release, and that of CALR translocation. Alternol 
enhanced the rates of cross-presentation and T-cell priming 
and infiltration, boosting the level of antitumor immunity in 
prostate cancer cells. Our previous studies have demonstrated 
that Alternol inhibits prostate cancer cell growth by disturbing 
the normal functioning of the Krebs cycle34 and by increasing 
the rate of ROS production.24 These findings suggest that 
Alternol may contribute to cytotoxicity, as suggested by 

Figure 6. Continued.

Figure 7. ROS production is required for Alt-induced ICD. (a-b) PC-3 cells were treated with DMSO and Alternol (10 µM) for 16 h. Gene profiles were obtained by RNA 
sequencing. (a) KEGG analysis of upregulated genes in a gene set of PC-3 treated with Alternol. (b) Heat map of enriched genes in gene set of PC-3 treated with Alternol. 
(c-g) PC-3 cells were treated with DMSO, NAC (5 mM), Alternol (10 µM), Alternol (10 µM) + NAC (5 mM) for 16 h. (c-f) Real-time PCR analysis of upregulated inflammation 
cytokine genes in gene set of PC-3 with indicated treatment (n = 4). (g) eIF2α phosphorylation and eIF2α expression were determined by western blot. (h-k) Mice were 
vaccinated with RM-1 cells treated with DMSO, Alternol (10 µM), Alternol (10 µM)+NAC (5 mM), and Alternol (10 µM)+ FBX (20 µM). After one week of vaccination, mice 
were re-challenged with RM-1 cells (h). Tumor volume (n = 10 per group) (j) and survival (n = 10 per group) (k) were monitored as indication. Quantitative data are 
presented as means ± s.e.m. Statistical significance of multiple groups was measured by one-way ANOVA (b-f). Statistical analysis of tumor growth, tumor-free 
progression, and animal overall survival was performed using two-way ANOVA analysis (i) and Log-rank (Mantel-Cox) test analysis, respectively (j, k). The asterisks 
indicate significant differences between the indicated groups (*** p < .001).
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previous studies, and may trigger anti-tumor immunity by 
inducing ICD.

The release of several pro-inflammatory cytokines is asso
ciated with cancer cells that undergo ICD, including IL-8,49–52 

IL-1α,49,53 IL-1β,49,50 IFN α/IFN β,52 and IL-6.50,52 Treatment 
with cetuximab, an ICD inducer,30 promotes IL-1α secretion 
from head and neck squamous cell carcinoma cells. Increased 
levels of IL-1α expression in cancer cells enhance the rate of 
cetuximab-induced T-cell-dependent anti-tumor immune 
response.53 Sukkurwala et al.51 have reported that IL-8 is 
necessary for MTX-induced CALR exposure in HeLa cells. 
IL-8 inhibition reduces MTX-induced CALR exposure and 
subsequent ICD. In contrast, the addition of exogenous IL-8 
increases the immunogenicity of dying cells in a CALR- 
dependent manner.51 In the present study, we have shown 
that Alternol-treated prostate cancer cells exhibited elevated 
levels of pro-inflammatory cytokines (i.e., IL-1A, IL-1B, IL-8, 
and IL-6). Few studies have reported that pro-inflammatory 
cytokines may facilitate immunosuppression by activating Treg 
cells and MDSCs.54,55 However, upregulation of MDSCs was 
not associated with Alternol-induced elevation of pro- 
inflammatory cytokine levels in the present study. In contrast, 
mice vaccinated with Alternol-induced RM-1 cells that under
went cell death exhibited a lower percentage of Treg cells, 
compared to control mice. This indicates that Alternol- 
induced inflammation may tip the balance toward antitumor 
immune activation responses rather than immunosuppression.

ROS are involved in various biological functions, including 
the generation of immune responses.56,57 Accumulating evi
dence indicates that ROS are involved in ICD12,57 and may 
mediate ICD by aggravating ER stress, or by activating the 
release of pro-inflammatory cytokines via the NLRP3 inflam
masome, nuclear factor (NF)-KB, and/or mitogen-activated 
protein kinase signaling pathways.58 In the present study, 
ROS inhibition reduced Alternol-induced ER stress (measured 
with elevated eIF2a phosphorylation levels) and expression 
that of pro-inflammatory cytokine expression, eventually 

inhibiting Alternol-induced ICD. These findings suggest that 
ROS generation is involved in Alternol-induced ICD.

Although the adoption of immune checkpoint blockade 
(ICB)-based approaches has succeeded in preclinical studies 
and cancer clinical therapies for melanoma,4–6 not all can
cers are sensitive to ICB, specifically prostate cancer. 
Prostate cancer lacks a response to ICB and is considered 
an immunologically ‘cold’ tumor, which may be due to an 
insufficient number of somatic mutations or to an immu
nosuppressive microenvironment.10,11,59 This study reveals 
that Alternol shifts the balance toward antitumor immune 
activation responses rather than immunosuppression, which 
may transform the ‘cold’ environment to a ‘hot’ one. 
Accumulating evidence indicates the clinical benefit of 
combining chemotherapies with immune checkpoint inhi
bitors (ICIs).60 As such, the combination of Alternol and 
ICB may be exhibit enhanced antitumor activity for pros
tate cancer, compared with the use of Alternol or ICB 
alone. In future studies, we will investigate whether the 
combination of Alternol with ICB enhances immune 
response against prostate cancer.
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