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Abstract
Background: The poor prognosis of acute myeloid leukemia (AML) is partly due to the
immunosuppressive leukemia environment. A therapeutic approach to induce pyroptosis is promising to
work on this issue. Pyroptosis, a form of in�ammatory cell death, is capable to release pro-immune
factors and enhance the in�ltration and cytotoxicity of natural killer (NK) cells. Chemical drugs have been
veri�ed to enhance anti-tumor immunity by inducing pyroptosis. Arsenic trioxide (ATO), a clinical drug in
leukemia, is reported to be effective to kill AML cells, but it’s still unclear about its mechanism in AML. Our
research is aimed at exploring the ATO effect on pyroptosis induction and the anti-tumor immunity of NK
cells in AML.

Methods: Pyroptotic phenomenon was detected by confocal microscopy, Annexin-V / propidium iodide
staining, LDH release assay, and western blotting; The release of cytokines was detected by SDS-PAGE,
proteomic analysis, ELISA, etc.; AML xenograft models were established to explore the ATO effect in vivo
and the anti-tumor effect of ATO treatment was identi�ed by tumor-volume measurement, HE staining
and KI67 staining; The activity of NK cells was evaluated by immuno�uorescence, �ow cytometric
analysis, etc.; The differential expressed proteins were identi�ed by quantitative proteomic analysis and
western blotting.

Results: We �rst discovered that ATO induced pyroptosis in AML cells and activated caspase-
3/gasdermin E (GSDME) pathway to induce pyroptosis, and enhances the release of LDH, HMGB1, and
IL-1β. Moreover, we revealed that ATO treatment promoted the proliferation, tumor-in�ltration, and
degranulation of NK cells in AML and its leukemia microenvironment. The further proteomic clues
indicate the potential mechanisms of the ATO anti-leukemia effect in vivo.

Conclusions: These �ndings indicate that ATO treatment induces pyroptosis via caspase-3/GSDME
pathway, enhances the release of pro-in�ammatory cytokines, and activates NK cells in AML. Our data
identify what is to our knowledge the �rst clinical drug that induces pyroptosis in AML, revealing the
potential anti-leukemic and pro-immune properties of ATO treatment in the leukemia microenvironment of
AML, which may be bene�cial in reducing the recurrence problems associated with the leukemia
microenvironment.

1. Introduction
Acute myeloid leukemia (AML) is a heterogeneous clonal disorder characterized by the accumulation of
somatic cytogenetic alterations in hematopoietic progenitor cells that regulate self-renewing, proliferation,
and differentiation[1]. The overall long-term survival (> 5 years) rate of AML patients with therapy is only
30 to 40%[2]. The poor prognosis of AML is partly due to the damage to the immune system and tumor
microenvironment (TME) in favor of immune escape[3]. As leukemia processing, NK and AML cells can
develop strategies to avoid immune system recognition and allow the AML cells to propagate in TME[4].
Further studies have noted that the immunosuppressive TME and the selective loss of an immature
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subset of NK cells in AML patients is probably a reason for the poor outcome[3, 5], thus it’s essential to
explore strategies to remodel TME and enhance the anti-tumor immunity of NK cells against AML.

Therapeutic approaches to induce pyroptosis in AML cells may be promising to achieve this goal.
Pyroptosis, a form of in�ammatory cell death, is executed by gasdermins. The caspases cleave
gasdermins in its middle linker to release autoinhibition on its gasdermin-N fragment, which determines
its pore-forming activity that is critical to the procedure of pyroptosis [6–8]. The characteristic feature of
pyroptosis is the extracellular e�ux due to the pores on the cell membrane, which results in the activation
of antitumor immunity[9]. Since that, therapeutic strategies designed to induce pyroptosis may expand the
response of immunotherapy in leukemia. NK cells are crucial cytotoxic and cytokine-producing
components of the innate immune system. Su�cient evidence shows that NK cells are capable to kill
acute and chronic myeloid leukemia cells[10, 11]. The expression of NK-activating ligands on AML blasts is
associated with a better prognosis for AML patients[12, 13].

There is a mutually reinforcing relationship between pyroptosis and natural killer (NK) cells. On the one
hand, pyroptosis has been reported to activate NK cells. The formation of pores on the cell membrane
surface during pyroptosis leads to the release of damage-associated molecular pattern molecules
(DAMPs) including HMGB1 and IL-18, which can stimulate anti-tumor immunity of NK cells[14]. For
example, immunoproteins such as HMGB1 can participate in lymphocyte differentiation[15] and regulate
NK cells activation[16]. It has been reported that gasdermin E (GSDME)-mediated pyroptosis can robustly
stimulate the cytotoxicity of NK cells, which may be responsible for advantageous survival[17–19]. NK cells
elaborate cytotoxicity on cancer cells via producing various cytokines, including granzymes B[20]. On the
other hand, NK cell degranulation releases granzyme that can directly induce caspase-independent
pyroptosis. Granzyme B (GZMB) is capable to induce GSDME-dependent pyroptosis in tumors via both
directly cleaving GSDME and indirectly activating caspase-3[17], and granzyme A can induce pyroptosis
through direct cleavage of GSDMB[21]. The action of granzyme allows NK cells to have a positive
feedback effect on pyroptosis.

Previous study has demonstrated that chemical drugs can enhance antitumor immunity by converting
apoptosis into pyroptosis[22, 23]. Arsenic trioxide (ATO) is a clinical drug with effective curative importance
in acute promyelocytic leukemia (APL) [24]. It has been suggested that ATO can restore the oncogenic
function of p53, which can induce the transcription of GSDME, a member of the Gasdermin family[25, 26],
suggesting that ATO may be associated with pyroptosis. Besides, ATO is previously veri�ed to enhance
the NK cell cytotoxicity against APL in vitro[27]. ATO can up-regulate the NK ligands on tumor cells thereby
increasing the susceptibility of cancer cells to NK cells[28]. Though ATO has been reported to be effective
to kill AML cells[29], there is still a lack of mechanistic studies on the anti-leukemic effect of ATO. Our
research was aimed at exploring the ATO effect on pyroptosis induction and NK cells in AML and its
mechanism of action.
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2. Materials And Methods

2.1. Cell culture
The MV411 (ATCC, USA) cell line was cultured in Iscove's Modi�ed Dulbecco’s Medium (IMDM, Hyclone)
containing 10% fetal bovine serum (Gibco#10099141), and molm13 (DSMZ, Germany) cell line was
cultured in RPMI 1640 Medium (Gibco# C11875500BT) containing 10% fetal bovine serum. The NK92-MI
cell line (Procell#CL-0533) was cultured in a Special medium for NK cells (Procell, #CM-0533). All the cell
lines were maintained at 37℃ in a 5% CO2 atmosphere and had been authenticated by the Cell Line
Authentication Services, using Short Tandem Repeat (STR) analysis and a regular screen for
Mycoplasma contamination by RT-PCR.

2.2. Treatment paradigm
AML cell lines (MV411 and MOLM13) were divided into different groups according to the dose of ATO.
The control group was exposed to 1% DMSO and the ATO group was treated with 3 µM or 6 µM ATO;
According to the application of ATO or Z-DEVD-FMK, AML cells were divided into ATO or ATO + DEVD
groups. The ATO group was treated with 5 µM ATO, and the ATO + DEVD group was treated with both 5
µM ATO and 25 µM Z-DEVD-FMK (caspase-3 speci�c inhibitor) for the in vitro experiment.

2.3. Animal experiments and ethical statements
The animals in our study were approved by the Institutional Animal Care and Use Committee of The First
A�liated Hospital of Sun Yat-Sen University (No. [2021] 040). To establish nude mouse xenograft models,
female nude mice (four weeks old; average weight, 15g) were obtained from Experimental Animal
Laboratories (Zhuhai, China). MV411 cells (AML cell line) were resuspended in PBS (1×105 cells/mice)
and then injected into the right foreleg of each mouse subcutaneously at an inoculation depth of 1 cm.
After the tumor grew to about 100 mm3, mice were randomly separated into 2 groups of 5 mice and then
treated with either the vehicle (PBS, Gibco) or ATO (3 mg/kg) via intraperitoneal injection and their body
weight was measured once per day. About 15 days after administration, all mice were sacri�ced by
cervical dislocation. Tumors, spleens, and livers were dissected. Tumor sizes in mice were measured
every day using a digital caliper, and all tumor volumes were calculated using the following formula:
volume = length × (width) 2/2.

2.4. Annexin V and PI staining
A total of 1 × 106 AML cells were treated with DMSO or ATO (3µM, 6µM) in the presence or absence of 25
µM Z-DEVD-FMK (caspase-3 speci�c inhibitor) for 24 h. The cells were then analyzed using the annexin
V-FITC Apoptosis Kit (KeyGEN#KGA108) according to the manufacturer’s protocol.

2.5. Cell preparation and �ow cytometric analysis
Single-cell suspensions were prepared from the tumors, spleens and peripheral blood of nude mouse
xenograft models washed with PBS and �ltered through a cell strainer (200 µm). The mononuclear cell–
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containing supernatants were obtained using 55% Percoll and OptiPrep gradient centrifugation,
transferred, and washed twice before antibody staining. Single-cell suspensions were then stained with
�uorochrome-conjugated monoclonal antibodies (eBioscience, USA) against the following cell surface
markers: APC-conjugated CD49b and AF700-conjugated CD16. The images of all samples were acquired
on a Beckman Coulter (Beckman, USA). Data were analyzed using CytExpert software.

2.6. Quantitative real-time reverse transcription PCR (qRT-
PCR)
Total RNA was extracted from cells using TRIzol Reagent (Gibco, Carlsbad, CA, USA), and 1 µg total RNA
(mRNA) was reverse-transcribed into cDNA using Evo M-MLV RT Premix (AG11706, Accurate Biology).
The real-time qPCR was performed with SYBR Green Premix Pro Taq HS qPCR Kit (#AG11701, Accurate
Biology), with three replicates set for each well. The mRNA expression relative to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was determined using the 2−ΔΔCT method. The primers were
synthesized by RuiBiotech (Beijing, China) as the sequences described in Table S1.

2.7. LDH release assay and ELISA
LDH was measured using a Cytotoxicity LDH Assay Kit-WST (Dojindo#CK12) according to the
manufacturer's instructions. The absorbance was calculated at 490 nm. IL-18, IL-1β, HMGB1, and GZMB
were measured using a Quantitative IL-18/IL-1β/HMGB1/GZMB ELISA kit (MEIMIAN, China) according to
the manufacturer's instructions. The absorbance was calculated at 450 nm. At least three replicated
experiments were performed.

2.8. Nucleoplasmic separation of cellular proteins
Collect cells (500rpm, 3min), discard the supernatant and wash twice with pre-cooled PBS. Add 200 µl of
CER I mixture with protease inhibitor for every 4*10^6 suspension cells, vortex for 15 s to fully lyse the
cells, and left on ice for 10 min. Add CER II, vortex for 10 s, and left on ice for 1 min. Then vortex
vigorously for 10 s and centrifuge at 13,200 rpm at 4°C for 5 min. The supernatant fraction was the
cytoplasmic fraction of protein. The precipitated fraction was added to NER (with protease inhibitor),
vortexed at high speed for 15s, and left on ice for 10min. Repeat the vortex-rest operation until the
precipitate was dissolved. Add 5× loading buffer, denature the protein at 100°C for 5 min, and store at
-20°C.

2.9. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)
AML cells were treated with or without ATO and serum-free cultured for 24h. The supernatant of the
culture medium was collected and concentrated 40 times. The samples with preheating (100°C for 10
min) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS‐PAGE) on 10%
agarose gels, which were peeled off and stained by Coomassie Brilliant Blue (P0017F, Beyotime).

2.10. Western blot analysis
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All the proteins were extracted from cultured cells and mouse tissues by RIPA (Beyotime, Shanghai,
China), using a protease inhibitor and phosphorylase inhibitor cocktail (Bimake, Shanghai, China). The
protein concentration was measured via BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Total cell
lysate per sample was loaded on Omni-PAGE Hepes-Tris Gels (Yamei, Shanghai, China) and separated by
electrophoresis. The western blot was blotted onto a piece of 0.2 um PVDF membrane using a wet
transfer device (Bio-Rad). Block the blot in a 5% milk powder solution diluted in TBST (Tris-buffered
saline/0.05% Tween 20), incubated with indicated antibody, and signal detected with horseradish
peroxidase (HRP) -conjugated secondary antibody and enhanced chemiluminescence (ECL) detection
(Bio-Rad). The following antibodies were used: anti-DFNA5/GSDME (Abcam, #ab215191), anti-cleaved-
caspase-3 (Cell Signaling Technology, #9664), anti-HMGB1 (Proteintech, #10829-1-AP), anti-Granzyme B
(Proteintech, #13588), anti-p38 (Novus, #96907), anti-CTSB (Cell Signaling Technology, #31718T), anti-
MAPKAPK2 (Proteintech, #13949), anti-p53 (Proteintech, #60283). Equal protein loading was assessed
using mouse anti-β-actin and anti-GAPDH antibodies (BOSTER, TA-09, China).

2.11. Co-culture system
AML cells were cultured in a 12-well plate in the bottom transwell (0.4µm) chamber while NK92-MIs were
co-cultured in the top chamber. According to the presence or absence of treatment with ATO and the
presence or absence of co-culture with MV411, they were divided into control group, MV411 + NK group,
or ATO + MV411 + NK group. NK92-MI cells in the control group were treated with 0.3% as control, NK92-
MI cells in the MV411 + NK group were co-cultured MV411 with NK92-MI, and NK92-MI cells in the ATO + 
MV411 + NK group were co-cultured MV411 with NK92-MI with 3 µM ATO added to the MV411 culture in
the bottom chamber.

2.12. Cell viability assay

After the speci�ed treatment, the ability of cell proliferation of NK-92MI cells in different groups was
determined using the Cell Counting Kit-8 (CCK-8) assay reagent (Dojindo#CK04, Japan) according to the
manufacturer’s protocol. The absorbance was calculated at 450 nm. Three replicated experiments were
performed for each well.

2.13. Hematoxylin and eosin (H&E) staining and Immunohistochemistry (IHC)
A portion of mice’s xenograft tumor tissue was �xed with 4% paraformaldehyde (PH 7.4). We gradually
Dewaxed as followed: Xylene I for 20 min; Xylene II for 20 min; 100% ethanol I for 5 min; 100% ethanol II
for 5 min; 75% ethanol for 5 min; Stained sections with Hematoxylin solution for 3–5 min, rinsed with tap
water. Then we treated the section with Hematoxylin Differentiation solution, Hematoxylin Scott Tap
Bluing, and then Eosin dye for 5 min. We dehydrated as followed: 100% ethanol I for 5 min; 100% ethanol
II for 5 min; 100% ethanol III for 5 min; Xylene I for 5 min; Xylene II for 5 min; Finally, we sealed with
neutral gum, observed with a pathological section scanner, acquired images and analyzed them; IHC was
performed on tumor tissue sections from Mouse xenograft formalin-�xed para�n-embedded tumor
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tissue sections of 4-µm thickness to analyze the expression of KI67. The sections were de-para�nized
and rehydrated. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide and incubated
at room temperature in darkness for 25 minutes. The sections are placed in PBS (PH7.4) and shaken on a
decolorizing shaper 3 times for 5 minutes each. Then, the sections were incubated overnight at 4℃ with
an anti-KI67 antibody (1:300 dilution, Servicebio). After washing off the antibodies, the sections were
incubated with a secondary antibody (HRP labeled) from the corresponding species of primary antibody
and incubated at room temperature for 50 minutes. Finally, diaminobenzidine substrate (DAB) was
applied to sections and counterstained with hematoxylin to counterstain the nucleus for microscopic
examination after resin sealing. Immunohistochemical staining intensity was semi-quanti�ed using
Image J software that compared the intensity of staining with the proportion of the stained cells. The
level of KI67 expression was determined by the intensity.

2.14. Immuno�uorescence (IF)

IF was performed on tumor tissue sections from Mouse xenograft formalin-�xed para�n-embedded
tumor tissue sections of 4-µm thickness to analyze the expression of Granzyme B and CD16. The
following primary antibodies were used: rabbit anti-Granzyme B (Proteintech#13588, 1:200), rabbit anti-
CD16 (1:200, eBioscience, USA). The sections were made and dewaxed with xylene and ethanol of
different concentrations. Antigen retrieval was performed in EDTA antigen retrieval buffer (pH 8.0) and
maintained at a sub-boiling temperature for 8 min and then followed by another sub-boiling temperature
for 7 min. 3% hydrogen peroxide was added to the sections to block the activity of endogenous
peroxidase. 3% BSA to cover the marked tissue to block non-speci�c binding for 30 min and then
Incubating slides with primary antibody (diluted with PBS appropriately) overnight at 4 ℃. After washing,
the secondary antibody (FITC) was added at room temperature for 50 min. The visualization of the nuclei
was done by adding DAPI, and then the sections were mounted after adding the anti-�uorescence
quencher. Images were collected by Fluorescent Microscopy. DAPI glows blue by UV excitation
wavelength 330–380 nm and emission wavelength 420 nm; FITC glows green by excitation wavelength
465–495 nm and emission wavelength 515–555 nm; CY3 glows red by excitation wavelength 510–560
nm and emission wavelength 590 nm.

2.15. Label-free quantitative LC/MS proteomics analysis

The cell culture supernatants of AML cells were collected in ATO and NC groups, the AML xenograft
tumors of the ATO and PBS groups were isolated from mice (n = 3 per group), and the label-free
quanti�cation proteomics analysis was performed (Novogene, China). Brie�y, proteins were extracted,
and the concentrations were determined by Bradford protein assay (Bio-Rad, USA). After proteins were
digested with Trypsin Gold (Promega), shot-gun proteomics analyses were performed using an EASY-nLC
1200 UHPLC system (Thermo Fisher Scienti�c) coupled with an Orbitrap Q Exactive HF-X mass
spectrometer (Thermo Fisher Scienti�c) operating in the data-dependent acquisition mode. Data were
searched against the UniProt database for Mus musculus(85,165 sequences, downloaded 18 January
2019) database by the search engine Proteome Discoverer 2.2 (Thermo Fisher Scienti�c). To analyze the
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protein family and pathway, the functional analysis was conducted using the interproscan program
against the databases of COG (Clusters of Orthologous Groups) and KEGG (Kyoto Encyclopedia of Genes
and Genomes). DEPs were used for Volcanic map analysis, cluster heat map analysis, and enrichment
analysis of GO, IPR, and KEGG. The probable protein-protein interactions were predicted using the STRING
server.

2.16. Statistical analysis

The statistical analysis of data was performed using GraphPad Prism 8. The comparison between the
other two groups of data was analyzed by an unpaired t-test. The comparison among multiple groups
was carried out by one-way analysis of variance. Body weight and tumor volume at different time points
were compared using repeated-measures analysis of variance. P < 0.05 was considered to be signi�cant.
Graphs and error bars represent means ± SD of independent biological experiments unless stated
otherwise. For all experiments, the investigators were not blinded.

3. Results

3.1. ATO induced pyroptosis in AML cells via caspase-3 /
GSDME pathway
AML cell lines (MV411 and molm13) were treated with gradient doses (0, 1.5, 3, 6 µM) of ATO for 24h in
the ATO group and with DMSO in the control group, followed by microscopy observation. Interestingly, we
found that AML cells in the ATO group exhibited typical pyroptotic morphology, large bubbles (indicated
by red arrows) emerging from the plasma membrane, and cell swelling while cells in the control group
had uniform morphology with the integral cell membrane. The ratio of pyroptotic cells increased with the
dose of ATO (Fig. 1a). The results of �ow cytometry analyses show that the percentage of PI-positive
cells increased with the dose of ATO (P < 0.05) (Fig. 1b). The results of cytotoxicity LDH assay and ELISA
show a signi�cant increase in LDH and IL-1β release activity of AML cells in the ATO group, which is
dose-dependent on ATO (Fig. 1c-d; P < 0.05). Simultaneously, the western-blot results show that the
protein expression levels of GSDME-N and cleaved-caspase-3 were signi�cantly enhanced in an ATO
dose-dependent manner (Fig. 1e), indicating that ATO can activate the caspase-3/GSDME pathway.
Furthermore, we applied the caspase-3-speci�c inhibitor (Z-DEVD-FMK) at an effective dose of 25 µM in
the ATO + DEVD group. The western blot results denoted that Z-DEVD-FMK could effectively inhibit
caspase-3 and signi�cantly down-regulated the protein expression of GSDME-N (Fig. 1f). As shown in
Figure.1g, MV411 cells in the ATO + DEVD group had decreased ratios of cells with pyroptotic morphology
(indicated by red arrows) and increased ratios of cells with the wizened but integral plasma membrane
(indicated by white arrows). The �ow-cytometry analysis indicated that the combination of Z-DEVD-FMK
remarkably diminished cell death induced by ATO (Fig. 2h; P < 0.05).

3.2. ATO induced upregulation of HMGB1 expression and
release into the extracellular
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MV411 and molm13 cells were divided into NC and ATO groups. After treatment for 24h, the supernatants
of serum-free medium were collected for electrophoretic analysis (Fig. 2a), and it was found that both
MV411 and MOLM13 cells show speci�c protein bands in response to ATO (arrowed in Fig. 2b).
Compared with the NC group, the mass spectra of 956 proteins speci�cally changed in the ATO group
showed a 10-fold or higher increase in protein content (listed in Table S3). Importantly, the GO and KEGG
analyses of 956 proteins suggest that these proteins had multiple factors closely related to immunity
(Fig. 2c). Figure 2d shows that a total of 78 proteins are involved in the immune pathway, such as
HMGB1. To analyze the nucleoplasmic distribution of HMGB1 protein in AML cells in response to ATO, we
performed immuno�uorescence co-localization and the results show that compared to the NC group,
HMGB1 in the ATO group distributed more in the cytoplasm of AML cells, while the nucleus of AML cells
had less HMGB1 protein (Fig.S3b). Then, the nucleoplasmic separation experiment was performed and
the expression levels of HMGB1 protein were identi�ed in the nucleus, cytoplasm, and culture supernatant
of ATO-induced pyroptotic AML cells. The western-blot results show that the distribution of HMGB1
decreased in the nuclear fraction and increased in the plasmatic fraction in response to ATO treatment
(Fig. 2e-f). These results suggest that ATO stimulated the migration of HMGB1 from the nucleus to the
cytoplasm. Moreover, the culture supernatant was analyzed by electrophoresis, and the results show that
the HMGB1 release of AML cells in the ATO group was increased compared to that of the NC group
(Fig. 2g), and METTL3 as a negative control was not detected in the cell culture supernatant (Fig. 2h).
Similarly, the results of ELISA and RT-qPCR show that the release of HMGB1 in the cell-culture
supernatant was upregulated in the ATO group, compared with the NC group (Fig. 2i, FigS3c-d; P < 0.05).

 3.3. ATO induced pyroptosis via caspase-3/GSDME
pathway and enhanced release of DAMPs and
proin�ammation cytokines in vivo
The growth curve of tumor volume shows that the AML xenograft tumor progression was signi�cantly
suppressed in the ATO group compared to the control group (Fig. 3b). The results of ki67 staining and HE
staining show that the areas of tumor necrosis expanded and the proliferation ability of cancer cells was
inhibited in the ATO group (Fig. 3c, Fig.S4e). To detect the side effects of ATO treatment, the body weight,
liver weight, and spleen weight of mice were measured and the results showed no signi�cant difference
between the ATO and control groups (Fig.S4a-d). Furthermore, the results of western blots indicated that
the expression of GSDME-FL, GSDME-N, and cleaved-caspase-3 was signi�cantly enhanced in the AML
xenograft mice in the ATO group (Fig. 3d; P < 0.05). We also found that the protein expression of NLRP3
was higher in the AML xenograft tumors with higher expression of GSDME, demonstrating that the
NLRP3 expression levels were positively correlated with the expression levels of GSDME-N. Furthermore,
the results of ELISA shows that the secretion levels of DAMPs (LDH and HMGB1) and proin�ammation
cytokines IL-1β were enhanced after ATO treatment (Fig. 3e-f; P < 0.05).

 



Page 10/26

3.4. ATO activated the proliferation and GZMB-
degranulation capacity of NK cells in vitro and in vivo
To explore whether ATO-induced pyroptosis could enhance the immune activity of NK cells, we measured
the behavior of NK-92-MI alone and co-cultured with MV411 cells pre-treated or untreated with ATO for
24h. CCK-8 assay shows that cell proliferation of NK-92MIs in the ATO + MV411 + NK group was
statistically signi�cant up-regulated compared to the MV411 + NK group (Fig. 4a; P < 0.05). Flow-
cytometry analysis of annexin V and propidium iodide staining indicated that the cell death of MV411
cells that were co-cultured with NK cells treated with ATO was notably improved compared with those
untreated with ATO (Fig. 4b; P < 0.05). The release of GZMB in the supernatants of NK92-MI cells was
examined by ELISA and found that it was increased when cocultured with AML cells treated with ATO in a
dose-dependent manner (Fig. 4c; P < 0.05). The increased degranulation of GZMB could be inhibited by Z-
DEVD-FMK (caspase-3 speci�c inhibitor) (Fig. 4d; P < 0.05). For in vivo experiments, �ow-cytometry
analysis of NK (CD16+CD49b+) cells staining shows that the percentages of NK cell population were
signi�cantly increased in tumors, spleens, and peripheral blood of mice in the ATO group compared with
the control group, suggesting that the proliferation and tumor in�ltration capacity of NK cells could be up-
regulated by ATO (Fig. 4e, S5b-c; P < 0.05). Results of immuno�uorescence staining show that the
expression levels of GZMB were up-regulated in tumor-in�ltrating NK cells in the ATO group (Fig. 4f; P < 
0.05). Analysis of western blots shows the expression level of granzyme B in the ATO group was higher
than that in the control group (Fig. 4g; P < 0.05). Moreover, the secretion level of granzyme B in the serum
of the ATO group was higher than that of the control group (Fig. 4h; P < 0.05).

 

3.5. Proteomics analysis of AML xenograft tumor
To further uncover the underlying mechanisms of the anti-leukemia effect of ATO, differentially expressed
proteins (DEPs) of the AML xenograft tumors were explored by Label-Free-based quantitative proteomics
analyses. A total of 4618 proteins were identi�ed by proteomic quantitative analysis. According to the
standard of DEPs with a fold change of over 1.5-fold as well as p < 0.05, we screened 63 up-regulated
proteins and 20 down-regulated proteins in the ATO group versus the PBS group (Table S4). The DEPs
were displayed as a volcano plot (Fig. 5a). KEGG pathway analysis depicted that the immune system was
the one enriched with the largest number of DEPs (Fig. 5b). As for the signaling pathway involved in the
ATO effect, KEGG pathway analysis shows that the upregulated DEPs were principally enriched in the
MAPK cell death signaling pathway, NOD-like receptor signaling pathway, MAPK signaling pathway, Th17
cell differentiation, etc. (Fig. 5c). Among these, the MAPK cell death signaling pathway and NOD-like
receptor signaling pathway were most signi�cantly altered. Their targets included Cathepsin B, Mitogen-
activated protein kinase 14 (p38), p53, and NOD-like receptor protein 3 (NLRP3), which were further
validated by western blots (Fig. 3f, 5e).
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4. Discussion
Here, we have discovered that ATO treatment can induce pyroptosis via caspase-3/GSDME pathway and
activate the anti-tumor immunity of NK cells in AML for the �rst time. First, we observed an interesting
phenomenon that AML cells treated with ATO exhibited a typical pyroptosis morphology in a dose-
dependent manner. As important features of pyroptotic cells[30], the upregulated percentages of PI+ cells
and LDH release also con�rmed that ATO induced pyroptosis in AML cells. Furthermore, previous studies
have shown that active caspase-3 (cleaved-caspase-3) can cleave GSDME-FL at its middle linker,
liberating the N terminal of gasdermin E (GSDME-N) domain to form pores on the plasma membrane,
leading to pyroptosis[22, 23]. As shown in our results of in vitro and in vivo experiments, ATO-induced
pyroptosis resulted from caspase-3 cleavage of GSDME, which could be signi�cantly inhibited by
caspase-3 inhibitor. Moreover, as in�ammatory cell death, pyroptosis not only alters the internal
environment of cancer cells but also the extracellular environment due to the rapid pore formation and
the release of intracellular DAMPs and proin�ammation cytokines [30]. A recent study has found that
GSDME-N can stimulate the expression of NLRP3, which is an in�ammasome that enables the mature
proin�ammation cytokine IL-1β to release into the extracellular space[31]. Our in vivo experiments show
that the expression levels of NLRP3 were upregulated in the group with higher expression of GSDME-N in
AML xenograft tumors and the release levels of IL-1β in serum were increased as well, which indicates
that the expression of NLRP3 was positively correlated with the expression level of GSDME-N, which
enhanced the release of proin�ammation cytokine IL-1β consequently. Previous research has con�rmed
that IL-1β can amplify the local or systemic immune response[32, 33]. In addition, gasdermins activation
permits not only the release of pro-in�ammatory cytokines but also the release of DAMPs, which can
activate anti-tumor immune responses, thus eliciting long-term e�cacy of chemotherapeutic drugs[31, 34].
Thus, we address the damage-associated molecular patterns (DAMPs) released by ATO-induced
pyroptotic cells using proteomic analysis and found that ATO stimulated AML cells to release immune-
related proteins. Among them, high-mobility group box 1 (HMGB1) is one of the most critical DAMP
related to pyroptosis and is available to invigorate immunity[34, 35]. HMGB1 is a chromatin-binding protein
that is mainly distributed in the nucleus and partially in the cytoplasm. We have identi�ed that ATO
induced up-regulation of HMGB1 gene expression and stimulated HMGB1 to migrate from the nucleus to
the cytoplasm and release extracellularly. Previous studies have illustrated that HMGB1 is functioning to
recruit in�ammatory cells and mediate signals between natural killer (NK) cells and other immune
cells[36].

Our data suggest that ATO treatment stimulated the release of DAMPs and proin�ammatory cytokines in
vivo, which may mediate immune cell recruitment in the tissue[37–39]. What kind of immune cells were
recruited or activated by ATO treatment? Recent studies have demonstrated that the tumor-suppressive
function of GSDME is correlated with pyroptosis-dependent activation of killer cytotoxic lymphocyte[17]. It
has been demonstrated that NK cells can target and kill AML cells[10], and the NK cell activation is
positively linked to better outcomes for patients undergoing chemotherapy in AML[12]. Therefore, we
further explored the ATO effect on the potential of NK cells and found that ATO could enhance the
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proliferation and tumor in�ltration of NK cells both in vitro and in vivo. The secretion level of GZMB was
previously found to strengthen the cytotoxicity of NK cells against AML cells[13, 20, 40]. Our results also
show that ATO treatment can promote the expression and release of granzyme B (GZMB) in the tumor
microenvironment (TME) of AML, indicating that ATO may enhance the cytotoxicity of NK cells against
AML cells via stimulating the degranulation of GZMB. Moreover, GZMB is capable to activate caspase-
independent pyroptosis in cancer cells by directly cleaving GSDME at the same site as caspase 3 [17],
which can magnify in�ammation signals and recruit more immune cells in TME[41]. Our data have
demonstrated that ATO could both activate caspase-3/GSDME pyroptosis pathway and improve the
expression and release of GZMB, implying that ATO-induced pyroptosis may be positive feedback by
activating NK cells to release more GZMB.

To further investigate the mechanism of the anti-leukemia activity of ATO treatment in vivo, label-free
quantitative proteome analysis was applied to explore the DEPs of the AML xenograft tumors. The results
of KEGG analysis suggest that ATO treatment mainly mobilizes the immune system in AML xenograft
mice, and the MAPK signaling pathway and NOD-like receptor signaling pathway was signi�cantly
activated. Previous studies have found that these two signaling pathways were crucial to the initiation of
pyroptosis and induction of cancer cell death[26, 42, 43]. The DEPs in the two signaling pathways included
p38, p53, cathepsin B (CTSB), and NLRP3. Our data con�rmed that their protein expression levels were
up-regulated consistently. As previously reported, p53 can be uniquely activated by HMGB1 and p38[44, 45],
and the activation of p53 can in turn promote GSDME transcription[26, 42, 43], which may convert
apoptosis into pyroptosis when it is highly expressed in cancer cells[22]. Our data have shown that ATO
could stimulate the release of HMGB1 and up-regulate the expression levels of p38 and p53, indicating
that the upregulation of p53 by ATO treatment is probably a consequence of the promotion of p38 and
HMGB1, thus promoting GSDME transcription to induce pyroptosis. Moreover, it’s believed that DAMPs
(HMGB1 and LDH) can induce lysosome destabilization and stimulate the release of CTSB[46], and CTSB
can directly activate the in�ammasome NLRP3, which leads to the maturation and release of IL-1β[47, 48].
In addition, NLRP3 can also be activated by GSDME-N and facilitate the maturation and release of IL-
1β[49]. As shown in our results, ATO-induced pyroptosis resulted from the caspase-3 cleavage of GSDME
and liberation of GSDME-N to form pores on the plasma membrane. Meanwhile, ATO improved the
expression of NLRP3 and CTSB in the AML xenograft tumors and enhanced the release of both HMGB1,
LDH and IL-1β simultaneously. Based on these evidences, we tentatively put forward the potential
mechanism of the ATO anti-leukemia effect in AML as shown in Fig. 6: DAMPs (HMGB1 and LDH)
released from ATO-induced pyroptotic cells could not only disrupt the lysosomes to release CTSB but also
uniquely activate the expression of p38 and p53, which in turn promoted GSDME transcription and
positively feedback pyroptosis in the surrounding AML cells. Subsequently, CTSB and GSDME-N could
synergistically activate NLRP3 in�ammasome to stimulate the maturation and release of IL-1β. DAMPs
and pro-in�ammatory cytokines released from pyroptotic cells may further recruit NK cells and activate
the degranulation of GZMB, which could directly cleave GSDME to induce pyroptosis in AML cells in a
caspase-independent manner.
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Nevertheless, certain limitations were presented in this research. First, our study has put forward that ATO
could both activate caspase-3/GSDME pyroptosis pathway and the anti-tumor immunity of NK cells.
Though it is already reported that pyroptosis can ignite the immune response of NK cells[17], it’s remained
to explore the association between ATO-induced pyroptosis and the activation of the immune response of
NK cells; Moreover, our study has shown that ATO could enhance the expression and release of GZMB in
NK cells. Although GZMB has been previously proved to cleave GSDME directly, further studies are
needed to investigate whether ATO-induced pyroptosis is positive feedback by GZMB in AML; In addition,
as revealed by proteomic clues, our results indicate that the activation of MAPK signaling pathway and
NOD-like signaling pathway may candidate in the anti-AML effect of ATO, but more work will be needed to
con�rm their participation in the anti-AML effect of ATO.

Conclusions
Our in vitro and in vivo study has indicated that ATO treatment induces pyroptosis in AML cells via
caspase-3/GSDME pathway and enhances the release of DAMPs (LDH and HMGB1) and pro-
in�ammatory cytokine IL-1β. Moreover, we have illustrated that ATO treatment promotes the proliferation
and GZMB degranulation of NK cells in AML, as well as upregulating the in�ltration and GZMB
expression of NK cells in the leukemia microenvironment. The further proteomic clues indicate that ATO
mainly activates the immune system in vivo, and its anti-tumor effect may be related to the activation of
p38, p53, and CTSB. Our data identify the �rst clinical drug that induces pyroptosis in AML, revealing the
potential anti-leukemic and pro-immune properties of ATO treatment in AML and its leukemia
microenvironment, which may be bene�cial in reducing the recurrence problems associated with the
leukemia microenvironment.
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Figure 1

ATO induced pyroptosis in AML cells via the activation of caspase-3/GSDME pathway. AML cell lines
(MV411, molm13) were treated with ATO at indicated concentrations (0, 1.5, 3, 6 μ mol/L) for 24h. As for
ATO or ATO+DEVD groups, the ATO group was treated with 5 μ M ATO, and the ATO+DEVD group was
treated with both 5 μ M ATO and 25 μ M Z-DEVD-FMK (caspase-3 speci�c inhibitor) for 24h. (a)
Representative microscopic images of AML cells after ATO treatment for 24h (m=400×). The red arrows
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denote the typical balloon in the membrane of pyroptosis cells. Scale bar 20μm. (b) Flow cytometry
analysis of the percentage of Annexin-V+ PI+ AML cells after ATO treatment. (c) The release of LDH of
AML cells was measured by cytotoxicity LDH assay. (d) The release levels of IL-1β were detected by
ELISA in the supernatants of AML cells. (e-f) The expression levels of full-length GSDME (GSDME-FL), the
N-terminal of GSDME (GSDME-N), and caspase-3 were detected by western blot in AML cells. (g)
Representative microscopic images of AML cells in ATO and ATO+DEVD groups (m=400×). The red
arrows denote the typical balloon in the membrane of pyroptotic cells. The white arrows denote apoptotic
cells. Scale bar 20μm. (h) Flow cytometry analysis of the percentage of Annexin-V+ PI+ AML cells. All the
data is presented as mean ± SD from at least 3 independent experiments. ns: not signi�cant (P > 0.05), *P
< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, vs. control using one-way ANOVA.
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Figure 2

ATO induced upregulation of HMGB1 expression and release into the extracellular. (a) Schematic diagram
of the experiment of cell-culture supernatant collection from the ATO and NC groups. (b) The gel image of
Coomassie brilliant blue staining to detect the differentially expressed proteins in cell-culture supernatant
of AML cells in the two groups (red arrows point to speci�c electrophoretic bands of ATO group) (c)
Top10 Reactome pathways enrichment in proteomic analysis. (d) Functional enrichment analysis of the
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interaction networks among the differentially expressed proteins that are involved in the immune system.
(e-f) The expression levels of HMGB1 in the nucleus and cytoplasm were separately detected by western
blot in AML cells. H3 and LAMIN(A/C) were applied as the intranuclear reference and β-actin was applied
as the cytoplasmic reference. (g) The protein release levels of HMGB1 in the supernatants of AML cells in
the two groups. (h) The expression levels of HMGB1 and METTL3 in AML cells and the cell supernatants.
(i) The release levels of HMGB1 in the cell supernatants were measured by ELISA. ****P < 0.0001, vs.
control using t-test.

Figure 3

ATO induced pyroptosis via caspase-3/GSDME pathway and enhanced release of DAMPs and cytokines
in vivo. 3mg/kg ATO or PBS was injected intraperitoneally into AML xenograft mice in the ATO group and
the control group once per day. After 15 days, serum and transplanted tumors were collected. (a)
Schematic representation of the establishment and drug treatment of AML xenograft nude mice in the
ATO group and the control group. (b) The average tumor volume (mm3) curve of the two groups was
measured every day in the period of drug treatment. (c) Quantitative analysis of the
immunohistochemical staining of KI67. Scale bars 100μm. (d) The relative protein expression levels of
GSDME-FL, GSDME-N, cleaved-caspase-3, and NLRP3 were detected by western blot in AML xenograft
tumor of the two groups. (e) The release levels of LDH and HMGB1 in the serum of AML xenograft mice
in the two groups were measured by ELISA. (f) The release levels of IL-1β in the serum of AML xenograft
mice in the ATO group and the control group were measured by ELISA. ns: not signi�cant (P > 0.05), *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, vs control using t-test.
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Figure 4

ATO activated the proliferation and GZMB-degranulation capacity of NK cells in vitro and in vivo. For in
vitro experiments, NK92-MI cells in the control group were treated with 0.3% as control, and NK92-MI cells
in the MV411+NK group were co-cultured MV411 with NK92-MI, and NK92-MI cells in the
ATO+MV411+NK group were co-cultured MV411 with NK92-MI with 3μM ATO treatment. For in vivo
experiments, 3mg/kg ATO or PBS was injected intraperitoneally into AML xenograft mice in the ATO
group and the control group once per day. After 15 days, AML xenograft tumors and serum were
collected. (a) Examination of cell viability of NK92-MI cells in the control group and the co-culture groups.



Page 23/26

NK92-MI cells in the co-culture groups were co-cultured with MV411s pre-treated with DMSO or 3μM ATO;
NK92-MI cells in the control group were treated with DMSO without co-culture with MV411 cells. (b) Flow
cytometry analysis of the percentage of Annexin-V+ PI+ MV411 cells in the control group and the ATO
group. MV411 cells in the two groups were respectively co-cultured with NK92-MI cells in the exposure of
DMSO or 3μM ATO for 24h. (c-d) The release levels of granzyme B (GZMB) in the supernatants of NK92-
MI cells. (e) Tumor cells were stained with anti-mouse CD49b-APC and anti-mouse CD16-AF700
antibodies and analyzed by �ow cytometry. FMO controls were obtained by omitting anti-mouse CD49b-
APC antibody or anti-mouse CD16-AF700 antibody. Analysis of FMO controls for NK cells shows that
omitting anti-mouse CD49b-APC antibody or anti-mouse CD16-AF700 antibody did not signi�cantly
change the frequency of positive cells for the other marker, con�rming the validity of the gating strategy.
(f) Representative images of immuno�uorescence staining of AML xenograft tumors in the ATO group
and the control group, indicating co-localization of CD16 (red) with GZMB (green). Cell nuclei were
counterstained with DAPI (blue). Scale bar 50μm. (g) Gel image of GZMB was detected by western blot in
AML xenograft tumor of the two groups. (h) The release levels of GZMB in the serum of AML xenograft
mice in two groups were measured by ELISA. All the data is presented as mean ± SD from at least 3
independent experiments. ns: not signi�cant (P > 0.05), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001, vs. control using t-test or one-way ANOVA.
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Figure 5

Proteomics analysis of AML xenograft tumor. (a) Volcano plots of proteins under- and over-expressed in
AML xenograft tumor. Green dots represented down-regulated proteins, red dots meant up-regulated
proteins, and gray dots show proteins with no statistically signi�cant difference between the ATO group
versus the control (PBS) group. (b) The number of differentially expressed genes on each pathway of
KEGG. (c) KEGG analysis of up-regulated proteins. (d) KEGG analysis of down-regulated proteins. (e) The
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expression levels of cathepsin B, p38, and p53 of tumor tissue were measured by western blots. The data
are expressed as the mean ± SD. ns: not signi�cant (P > 0.05), *P < 0.05, **P < 0.01, ***P < 0.001, and
****P < 0.0001, vs control using two-way ANOVA.

Figure 6

Potential mechanisms of ATO anti-leukemia effect in AML xenograft mice. ATO induced pyroptosis in
AML cells via caspase-3/GSDME and GZMB/GSDME pathways, liberating GSDME-N to form pores in the
plasma membrane. DAMPs (HMGB1 and LDH) released from the pores could disrupt the lysosomes of
adjacent AML cells to release CTSB, and also uniquely activate the expression of p38 and p53, which in
turn promoted GSDME transcription. Subsequently, CTSB and GSDME-N could synergistically activate
NLRP3 in�ammasome to stimulate the maturation and release of IL-1β. DAMPs and pro-in�ammatory
cytokines released from pyroptotic cells may further recruit NK cells and activate the degranulation of
GZMB, which could directly cleave GSDME to induce pyroptosis in AML cells in a caspase-independent
manner.
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