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Abstract 

Aquilaria crassna (A. crassna) Pierre ex Lecomte, commonly known as agarwood, is traditionally used in medicinal 

preparations. Previous studies suggest anti-cancer properties in A. crassna leaf extract but the mechanisms and its 

involvement in immunogenic cell death (ICD) remain unexplored. This study investigates the impact of A. crassna Pierre 

ex Lecomte leaf extract (AE) on anti-cancer activity, specifically inducing ICD in triple-negative breast cancer (TNBC), 

and enhancing dendritic cell (DC) anti-tumor effects. A. crassna water extract underwent HPLC analysis. TNBC cells 

(MDA-MB-231) and non-tumorigenic epithelial cell lines, fibrocystic disease, (MCF-10A) were treated with different 

concentrations of AE for cytotoxicity testing by MTT assay. To assess ICD induction, danger-associated molecular 

patterns (DAMPs) including ectoCRT, secreted ATP, and HMGB1 were measured through staining, ATP 

bioluminescence, immunoblotting, and ELISA, respectively. AE-treated cells and DAMP-containing supernatants were 

administered to monocyte-derived DCs, evaluating impact on DC immunophenotype, maturation, and phagocytosis via 

flow cytometry. HPLC analysis identified AE compounds: iriflophenone 3,5-C-β-D-diglucoside, iriflophenone 3-C-β-D-

glucoside, mangiferin, and genkwanin 5-O-β-primevoside (concentrations: 4.80, 1.04, 4.54 and 0.18 %w/w). MDA-MB-

231 treated with AE exhibited ICD induction, evident in increased ectoCRT, secreted ATP, and HMGB1 levels. DCs 

exposed to AE-treated cells and DAMP-containing supernatant displayed enhanced phagocytic activity and maturation, 

with elevated CD86, CD80, CD83, and HLA-DR expression. In conclusion, AE exhibits immunomodulatory potential 

by inducing ICD in TNBC, suggesting therapeutic applications for its anti-cancer effects and a promising role in cancer 

immunotherapy. 

Keywords: Aquilaria crassna Pierre ex Lecompte leaf extract, Immunogenic cell death, Dendritic cell 

maturation/activation, Triple-negative breast cancer, Cancer immunotherapy  
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Introduction 

Aquilaria plants, belonging to the Thymelaeaceae 

family, are a highly valued botanical species native to 

Southeast Asia. Among these, A. crassna Pierre ex 

Lecomte, also known as Krisana in Thai, holds 

significant cultural and medicinal importance. 

Traditionally, A. crassna has been employed in the 

production of perfumes, incense, and various medicinal 

purposes. Its applications span a wide range of health 

conditions including infectious and inflammatory 

diseases, arthritis, cardiac disorders, digestive disorders, 

neurodegenerative disorders and sedative disorders [1-

3]. The heartwood of A. crassna is an essential 

component of the traditional Thai remedy ‘Ya-hom’, 

which is employed to support treatments for aging, 

cardiovascular disorders, and inflammation [4]. 

Additionally, leaves of A. crassna, exhibit a diverse 

range of beneficial properties such as anti-aging, 

antioxidant, anti-inflammatory, anti-bacteria, 

neuroprotective, and vasorelaxant activities [1,5-7]. The 

leaves are used in herbal teas, as well as being included 

in herbal soups, instant noodles, and biscuits [8,9]. 

In recent years, there has been a growing interest 

in investigating the potential anti-cancer properties of 

Aquilaria species, with particular focus on A. crassna. 

A study conducted by Hashim et al. [8] highlighted the 

anti-cancer effects of agarwood essential oils obtained 

from Malaysian market. The research underscored the 

oils’ efficacy in diminishing the viability of breast 

cancer cells and impeding their attachment. Moreover, 

the essential oil derived from A. crassna demonstrated 

substantial anti-proliferative activity against various 

cancer types, including pancreatic, colorectal, prostatic 

adenocarcinoma, and breast cancer cells, while also 

demonstrating anti-metastatic properties specifically in 

pancreatic cancer cells [10,11]. Consistently, A. crassna 

extract has been shown to induce apoptosis in breast 

cancer cells by upregulating caspase-3 and 

downregulating the expression of BCl-2 and 

proliferating cell nuclear antigen (PCNA) [12]. While 

previous research has demonstrated the ability of A. 

crassna to induce cancer cell death, there are currently 

no studies reporting its potential involvement in 

immunogenic cell death (ICD). 

ICD is a regulated form of cell death that triggers 

the immune system’s anti-tumor response by generating 

neoantigens and the release of specific danger-

associated molecule patterns (DAMPs). DAMPs, 

including surface calreticulin (CRT) or ectoCRT, 

adenosine triphosphate (ATP), and high mobility group 

box-1 protein (HMGB-1), are expressed and secreted by 

dying cancer cells, playing a crucial role in activating 

antigen-presenting cells (APCs) and facilitating T-cell 

infiltration [13,14]. The interaction between ectoCRT 

and CD91 receptors, as well as ATP and P2X7 

receptors, serve as “eat me” and “find me” signals, 

respectively, enabling the recognition of cancer cells by 

APCs such as dendritic cells (DCs), macrophages, and 

monocytes. Additionally, the binding between HMGB1 

and TLR-4 receptors promotes DC maturation, which 

subsequently activates CD8+ T cells and/or CD4+ T 

cells, leading to the elimination of residual cancer cells 

with resistance [13,15,16]. Consequently, inducing ICD 

in tumors holds promising potential for 

immunotherapeutic approaches, as it can trigger an 

immune response and enhance the anti-tumor activity of 

immune cells to eliminate the surviving tumor cells. 

Interestingly, mangiferin (1,3,6,7-

terahydroxyxanthone-C2-b-D-glucoside), a bioactive 

compound found in A. crassna, has been previously 

reported for anti-cancer properties and 

immunostimulatory effect [17,18]. However, no studies 

have investigated the involvement of mangiferin or AE 

in modulating ICD. Therefore, the objective of this 

study was to elucidate the ability of AE to induce ICD 

in MDA-MB-231 cells, a triple-negative breast cancer 

(TNBC) cell line. We established that AE treatment 

induces ICD in cancer cells, substantiated by alterations 

in the expression levels of ectoCRT, ATP, and HMGB1. 

Furthermore, we explored the effects of culture cells and 

supernatant derived from AE-treated MDA-MB-231 

cells, rich in DAMPs, on the maturation and function of 

dendritic cells (DCs). These findings contribute 

valuable insights into the potential immunotherapeutic 

application of A. crassna. 

 

Materials and methods 

Cell culture 

The human triple-negative breast cancer (TNBC) 

cell line, MDA-MB-231, was procured from ATCC-

LGC (#HTB-26; Middlesex, UK). A non-tumorigenic 

epithelial cell lines, fibrocystic disease, (MCF-10A) was 
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obtained from ATCC (Manassas, VA, USA). 

Cultivation of the cells was carried out in Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Gibco, Thermo 

Fisher Scientific, Waltham, MA, USA) supplement with 

10% fetal bovine serum (FBS) (Gibco, Thermo Fisher 

Scientific, Waltham, MA, USA), 100 µnits/mL 

penicillin, and 100 mg/mL streptomycin. Incubation 

was maintained at 37 C with 5% CO2 under humidified 

conditions. 

  

Plant materials, extraction preparation, and 

high-performance liquid chromatography (HPLC) 

analysis 

The aqueous extract derived from the leaves of A. 

crassna Pierre ex Lecomte (AE) was meticulously 

prepared and quantified by our research team member 

(EW) using a protocol consistent with prior descriptions 

[7,19]. In summary, young leaves (from tops 1 to 3) 

were subjected to cleaning, followed by drying at 100 

C for 3 h in a hot-air oven and subsequently grinding 

into powder. The resulting leaf powder (500 g) 

underwent infusion in 5 L of hot water at temperatures 

ranging from 95 - 100 C for 30 min. The supernatant 

was then filtered, freeze-dried, and stored at –20 C for 

future use.  

Analysis of the 4 major bioactive compounds 

previously identified and reported - compound 1 (3,5-C-

β-D-diglucoside), compound 2 (3-C-β-D-glucoside), 

and compound 3 (mangiferin), and compound 4 

(genkwanin 5-O-β-primevoside) - was conducted using 

an HPLC system from Shimadzu Corporation 

(Shimadzu; Kyoto, Japan), featuring a separation 

module (Shimadzu LC-20A) and a detector (Shimadzu 

SPD-20A UV/Vis). A validated HPLC method, 

consistent with a previous report was employed for 

quantification [7]. Compounds 1, 2, and 4 were isolated 

as reference standards according to a prior report, while 

compound 3 was generously provided by our colleague 

(Assist. Prof. Dr. Uthai Wichai of the Faculty of 

Science, Naresuan University, Thailand) [7]. Linearities 

for each standard were determined using calibration 

curves plotted between the peak area and concentration 

of mixed solutions of compounds 1 - 3 (concentration 

ranged from 4.0 - 64.0 µg/mL) and compound 4 

(concentration ranged from 0.5 - 8.0 µg/mL). 

Cytotoxic assays 

The cytotoxic impact of AE on the viability of 

MDA-MB-231 and MCF-10A cells was assessed using 

the [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium 24 bromide] or MTT assay. Cells (104 cells/well) 

were initially seeded in a 96-well plate for 24 h, 

followed by exposure to varying concentrations of AE 

(0 - 640 µg/mL) for 24 h and 48 h. Subsequently, 0.5 

mg/mL of MTT reagent (Sigma Aldrich, St. Louis, MO, 

USA) was introduced, and the cells were further 

incubated for 2 h. After removal of the supernatant, 

dimethyl sulfoxide (DMSO) was employed to dissolve 

formazan crystals, yielding a purple solution. The 

optimal density (OD) at 575 nm was measured to assess 

the reducing capacity of living cells, with OD 690 nm 

serving as a reference. The percentage of cell viability 

was calculated relative to the untreated condition (0 

µg/mL), set as 100%. 

To elucidate the potential role of AE in the 

induction of ICD, an apoptotic assay was conducted. 

MDA-MB-231 cells treated with AE, under the same 

conditions as the MTT assay, were harvested, washed 

with phosphate buffer saline (PBS), and stained with 

AnnexinV and 7-AAD dyes at room temperature for 20 

min. The Muse™ Cell Analyzer (Merck Millipore, 

Burlington, MA, USA) was then employed, following 

the manufacturer’s instruction, to analyze apoptotic cell 

death. The percentage of apoptosis cells, including early 

apoptosis, late apoptosis, and total apoptosis was 

calculated through software analysis of the Muse™ Cell 

Analyzer. 

 

Cell surface staining and flow cytometry 

The impact of AE on ectoCRT expression was 

investigated using flow cytometry. MDA-MB-231 cells 

were initially seeded at 2.5×105 cells in a 6-well plate 

for 24 h before exposure to various concentrations of 

AE, mirroring those mentioned earlier. Following 6 and 

12 h of the treatment, cells were subjected to staining 

with anti-CRT antibody (Abcam, Cambridge, UK) for 1 

h, succeeded by incubation with Alexa488®-conjugated 

secondary antibody (Invitrogen, Thermo Fisher 

Scientific, Waltham, MA, USA) for an additional hour. 

EctoCRT-stained cells were promptly post-stained with 

AnnexinV and propidium iodide (PI) (ImmunoTools, 

Aidenbach, Germany) and analyzed using a BD Accuri 

C6 Flow Cytometer. Data were then processed through 
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BD flow analysis software (BD Biosciences, San Joes, 

CA, USA). Total apoptotic cells were gated, and the 

analysis focused on ectoCRT-positive signals. EctoCRT 

expression data were presented as the percentage of 

positive cells and relative mean fluorescence intensity 

(MFI). 

 

ATP bioluminescent assay 

The ATP secreted from cells treated with AE into 

the extracellular compartment was quantified using an 

ATP bioluminescent assay (Roche, Basel, Switzerland). 

MDA-MB-231 cells were seeded at 5×104 cells in a 24-

well plate one day before treatment with AE (0 - 640 

µg/mL) for 24 and 48 h. Conditioned media were 

harvested and subjected to centrifugation at 8,000 rpm 

for 1 min to eliminate cellular debris. Twenty-five µL of 

conditioned media was combined with 25 µL of 

luciferin, thoroughly mixed, and then analyzed for ATP 

content as luciferase light units using the Luminometer 

Lumat LB 9507 (Berthold Technologies, Bad Wildbad, 

Germany). ATP concentrations were determined from 

an ATP calibration curve following the manufacturer’s 

instructions. 

 

Immunoblotting assay and enzyme-linked 

immunosorbent assay (ELISA) 

The induction of HMGB1 by AE in both the 

intracellular and extracellular compartments was 

assessed through immunoblotting and enzyme-linked 

immunosorbent assay (ELISA), respectively. MDA-

MB-231 cells (2×105 cells) were seeded into 6-well 

plate and treated with AE under the same conditions as 

described earlier. Total proteins were extracted from the 

cells and utilized for immunoblotting, employing a 

primary antibody specific to HMGB1 (Abcam, 

Cambridge, UK) and β-actin (Cell signaling, Danvers, 

MA, USA) at a 1:1000. Protein detection was 

accomplished using anti-rabbit-HRP- and anti-mouse-

HRP-conjugated secondary antibodies (Invitrogen, 

Thermo Fisher Scientific, Waltham, MA, USA), 

respectively. Clarity™ western ECL substrate (BioRad, 

Hercules, CA, USA) served as the detection reagent, and 

protein bands were visualized on an X-ray film via a 

film developer. 

For the evaluation of extracellular HMGB1, 

conditioned media from MDA-MB 231 cells treated 

with AE at concentrations of 160 and 320 µg/mL for 48 

h were analyzed using a human HMGB-1/HMG-1 

ELISA kit (Novus Biologicals, Littleton, CO, USA). 

This assay quantified the level of secreted HMGB1, and 

concentrations were determined in accordance with the 

manufacturer’s protocol. 

 

Peripheral blood mononuclear cells and 

immature dendritic cells preparation 

The experimental protocols involving human 

blood samples received approval from the Naresuan 

University Institutional Review Board (NUIRB No. P1-

0155/2564). Peripheral blood mononuclear cells 

(PBMCs) were sourced from healthy volunteer donors 

who provided informed consent by signing consent 

forms prior to participating in the experiments. In brief, 

PBMCs were isolated from whole blood using Ficoll-

Hypaque Gradient Centrifugation (Millipore 

Corporation, Burlington, MA, USA) and cultured in 

AIM-V media (Gibco, Thermo Fisher Scientific, 

Waltham, MA, USA) in a 12-well plate (1×107 cells) for 

2 h to allow for the adherence of cells, particularly 

monocytes, the precursor cells. Monocyte-derived DCs 

were generated by introducing a final concentration of 

50 ng/mL of granulocyte-macrophage colony 

stimulating factor (GM-CSF) and 25 ng/mL of 

interleukin-4 (IL-4) (ImmunoTools, Aidenbach, 

Germany) to the adherent monocytes, followed by a 5-

day incubation period. The resulting monocyte-derived 

DCs were characterized as immature dendritic cells 

(iDCs). 

 

Phagocytotic assay  

The study investigated the capacity of AE to 

trigger ICD and enhance the phagocytotic activity of 

iDCs through a phagocytotic assay. MDA-MB-231 

cells, genetically modified to consistently express red 

fluorescent protein (RFP), underwent treatment with AE 

at concentrations of 0, 160 and 320 µg/mL for 48 h to 

induce ICD. For the phagocytosis assay, the iDCs were 

pre-stained with CellTracker™ Green CMFDA dye 

(Invitrogen, Thermo Fisher Scientific, Waltham, MA, 

USA) at a concentration of 10 µM in plain RPMI for 15 

min. resulting in the generation of green fluorescent 

DCs. Pre-stained iDCs were subsequently washed twice 

with plain RPMI and exposed to both culture cells and 

conditioned media from the respective treatments. 

Following a 4-h pulsing period, the pulsed iDCs were 
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examined for double-positive signals. This involved 

initially gating for green fluorescent-positive iDCs and 

subsequently analyzing for RFP-positive signals using a 

flow cytometer and previously described analysis 

software. The data was presented as the number of 

double-positive cells, indicating the engulfment of 

cancer cells by DCs or DC phagocytosis. 

 

Morphological observation and immunopheno-

typing  

The maturation and activation of iDCs pulsed with 

AE-induced ICD were validated through an examination 

of morphological and phenotypic characteristics. MDA-

MB-231 cells, initially seeded into a 100 mm2 dish 

(2.5×106 cells) for 24 h were subjected to AE treatment 

under conditions previously established for AE-induced 

ICD. The cells underwent lysis through 3 cycles of 

freezing and thawing: Immersion in liquid nitrogen for 

1.5 min followed by a 5-min. incubation in a 37 C water 

bath. The resulting lysates were collected as cell lysate, 

while conditioned media were collected, concentrated to 

a final 20× concentration through Amicon® ultra 2 

centrifugations (Merck Millipore, Burlington, MA, 

USA), and stored as conditioned media. The prepared 

iDCs were then pulsed under various conditions: plain 

AIM-V medium for control iDCs, AIM-V medium 

supplemented with interferon-gamma (IFN-γ) at 50 

ng/mL and tumor necrosis factor-alpha (TNF-α) at 50 

ng/mL for positive control of DC maturation, or AIM-V 

medium plus 100 µg of cell lysates and 500 µg of 

concentrated conditioned media from untreated 

condition (iDCs +medium) or treated conditions (iDCs 

+ AE 160 µg/mL and iDCs + AE 320 µg/mL), 

respectively. After a 2-day pulsing period, 

morphological maturation of the pulsed iDCs was 

assessed by observation under a light microscope at a 

20x magnification. For phenotypic 

maturation/activation evaluation, pulsed iDCs 

underwent immunophenotyping using specific 

fluorescent-conjugated monoclonal antibodies targeting 

a DC marker (CD11c-APC) and co-stimulatory 

molecules, including CD40-FITC, HLA-DR-FITC, 

(ImmunoTools, Aidenbach, Germany) CD80-PE, 

CD83-PE, and CD86-PE (eBioscience, Thermo Fisher 

Scientific, San Diego, CA, USA). Isotype control 

antibodies (eBioscience, Thermo Fisher Scientific, San 

Diego, CA, USA) corresponding to each primary 

antibody were used as controls in all experiments. 

Immunophenotyping was carried out and analyzed using 

a flow cytometer and the previously described analysis 

software. 

 

Statistical analysis 

The result was demonstrated as the mean ± 

standard error of the mean (Mean ± SEM). All statistical 

analysis was derived from a minimum of 3 independent 

biological experiments. GraphPad Prism version 8.4.3 

(GraphPad Software, Inc., San Diego, CA, USA) was 

employed to assess significant differences in means, 

utilizing Student’s unpaired t-test for comparisons 

between 2 groups and 1-way analysis of variance 

(ANOVA) with Dunnett’s test for comparisons among 

multiple groups. A threshold of p < 0.05 was applied to 

determine statistical significance. 

 

Results and discussion 

HPLC chromatographic profiling and 

quantification of bioactive components in AE  

To ascertain the bioactive constituents within the 

AE extract, we employed high-performance liquid 

chromatography (HPLC) for the comprehensive 

characterization and quantification of individual 

compound concentrations. Starting with 500 g of leaf 

powder, our process yielded a dried AE with a 

weight/weight (%w/w) of 24.82. Our examination 

unveiled the presence of all 4 primary bioactive 

compounds, namely iriflophenone 3,5-C-β-D-

diglucoside (compound 1), iriflophenone 3-C-β-D-

glucoside (compound 2), mangiferin (compound 3), and 

genkwanin 5-O-β-primevoside (compound 4). The 

quantification of compounds 1 - 4 revealed the 

following concentrations: Compound 1, 4.80 ± 0.09 

%w/w; compound 2, 1.04 ± 0.01 %w/w; compound 3, 

4.54 ± 0.33 %w/w; and compound 4, 0.18 ± 0.02 %w/w. 

Notably, compounds 1 and 3 emerged as the most 

abundant constituents in AE. Additionally, the linearity 

assessment for each standard, derived from the 

calibration curve encompassing all compounds, yielded 

r2 values ≥ 0.995, affirming the appropriateness of this 

HPLC method for determining compounds 1 - 4 [7]. 

Figures 1(a) - 1(c) depict the chromatographic HPLC 

profile of these compounds along with their respective 

chemical structures. The concentration data, expressed 

as %w/w, are presented in Table 1 for reference. 
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Figure 1 High-performance liquid chromatography (HPLC) profiling of water extract of AE. The chemical profile of the 

water extract of AE was analyzed using HPLC. A reference standard mixture, comprising 64 µg/mL of compound 1 

(Iriflophenone 3,5-C-β-D-diglucoside), compound 2 (Iriflophenone 3-C-β-D-glucoside), compound 3 (Mangiferin), and 

8 µg/mL of compound 4 (Genkwanin 5-O-β-primevoside), served as a reference (a). Chromatograms exhibit the identified 

peak of compounds 1 - 4 in the water extract of AE prepared at a concentration of 200 µg/mL, compared to the standard 

reference (b). Chemical structures of compounds 1 - 4 are presented (c). 
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Table 1 Concentrations of compounds 1 - 4 in water extract of AE. The dried AE, derived from 500 g of leaf powder, 

constituted 24.82 %w/w. Quantification of compounds 1 - 4 was achieved through HPLC analysis, utilizing a reference 

standard curve. The results are expressed as a percentage of weight/weight (%w/w) as detailed in Table 1. 

Compound no. Compound name 
Concentration of compound 

(%w/w) 

1 Iriflophenone 3,5-c--D-diglucoside 4.80 ± 0.09 

2 Iriflophenone 3-C--D-glucoside 1.04 ± 0.01 

3 Mangiferin 4.54 ± 0.33 

4 Genkwanin 5-O--primevoside 0.18 ± 0.02 

 

Cytotoxic effect and apoptotic induction of AE 

The initial crucial step in assessing the potential of 

any agent as an ICD inducer involves evaluating its 

cytotoxic effects on target cells. In this context, we 

conducted an in-depth examination of the cytotoxicity 

of AE on MDA-MB-231 cells (TNBC) and MCF-10A 

(non-tumorigenic epithelial cells). To achieve this, we 

employed the MTT assay, treating MDA-MB-231 cells 

and MCF-10A cells with varying concentrations of AE 

(ranging from 0 to 640 µg/mL) for 24 and 48 h. Our 

findings revealed a notable cytotoxic impact of AE on 

MDA-MB-231 cells, characterized by a dose-dependent 

reduction in cell viability compared to untreated 

condition (0 µg/mL), as illustrated in Figure 2(a). The 

most substantial declines in cell viability were observed 

at concentrations of 160 - 640 µg/mL after 24 h (62.50 

± 9.00%, 32.40 ± 10.70% and 14.70 ± 4.30%, 

respectively) and at concentrations of 80 - 640 µg/mL 

after 48 h (57.70 ± 4.90%, 42.90 ± 9.80%, 21.70 ± 

7.20% and 9.90 ± 3.60%, respectively). The half-

maximal inhibitory concentration (IC50) of AE was 

determined to be 148.3 µg/mL after 24 h and 91.93 

µg/mL after 48 h. Meanwhile AE did not show the 

remarkable harmfulness on non-tumorigenic cells, 

MCF10A, as observed in TNBC although the significant 

reduced cell viability was revealed at concentrations 10 

- 640 µg/mL after 24 h (94.97 ± 0.00%, 95.10 ± 0.78%, 

85.03 ± 0.42%, 89.40 ± 0.74%, 85.50 ± 0.59%, 81.66 ± 

0.34%, and 84.78 ± 0.31%, respectively) and at 

concentrations of 40 - 640 µg/mL after 48 h (78.12 ± 

2.70%, 77.71 ± 2.72%, 76.73 ± 3.68%, 71.83 ± 3.17%, 

and 73.84 ± 1.07%, respectively, (Figure 2(b)). These 

results underscore the specific significant cytotoxic 

potential of AE on TNBC (MDA-MB-231 cells), 

particularly at higher concentrations and longer 

exposure durations, providing valuable insights into its 

potential as an ICD inducer.  

Beyond evaluating cytotoxicity, it is essential to 

assess the induction of regulated cell death, specifically 

apoptosis. Our investigation into the apoptotic potential 

of AE involved treating MDA-MB-231 cells under the 

same conditions as in the MTT assays. Following 24 and 

48 h of treatment, cells were stained with AnnexinV and 

7-AAD dyes, and subsequent analysis was conducted 

using Muse™ Cell Analyzer, as detailed previously. Our 

results demonstrated that AE induced apoptosis in 

MDA-MB-231 cells in a dose-dependent manner at both 

24 h (Figures 2(C) and 2(d)) and 48 h (Figures 2(e) and 

2(f)). Significant inductions of apoptosis were noted at 

concentrations ranging from 40 to 640 µg/mL at both 

time points. The average percentages of total apoptotic 

cells, encompassing both early and late apoptosis, were 

19.93 ± 1.00%, 25.69 ± 0.90%, 26.39 ± 1.80%, 30.66 ± 

4.50%, 42.19 ± 5.30% at 24 h, and 23.25 ± 4.60%, 24.47 

± 2.90%, 27.42 ± 5.30%, 32.07 ± 3.10%, and 61.77 ± 

3.00% at 48 h, respectively. Collectively, our findings 

substantiate the conclusion that AE induces a cytotoxic 

effect on TNBC cells, with one of the underlying 

mechanisms involving the induction of apoptosis. 
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Figure 2 Cytotoxic effects of AE on MDA-MB-231 and MCF-10A cells as evidenced by MTT and apoptotic assays. 

MDA-MB-231 (a) and MCF-10A cells (b) were exposed to AE concentrations ranging from 0 to 640 µg/mL for 24 and 

48 h. Cell viability percentages were assessed using the MTT assay. Representative histograms from Annexin V/7AAD 

staining in MDA-MB-231 cells, analyzed by Muse™ Cell Analyzer illustrate cell populations categorized as live 

(Annexin V−/7AAD−), early apoptotic (Annexin V+/7AAD−), late apoptotic (Annexin V+/7AAD+), dead cells (Annexin 

V-/7AAD+) at 24 h (c) and 48 h (e). Bar graphs depict the percentages of total apoptotic cells at 24 h (d) and 48 h (f). The 

mean ± SEM of at least 3-independent experiments is represented. The statistical analysis was investigated using 

differences in means compared to the untreated group (0 µg/mL). * and *** denote p < 0.05 and < 0.001 at 24 h while ### 

indicates p < 0.001 at 48 h, respectively. 

 

Expression of 3 hallmarks of DAMPs induced 

by AE 

As the realm of ICD, the manifestation of DAMPs 

in distressed or dying cancer cells stands as a pivotal 

indicator. Our investigation honed in on 3 extensively 

studied DAMPs: ectoCRT, secreted ATP, and secreted 

HMGB1. Notably, apoptosis, a principal form of 

regulated cell death (RCD), is intricately linked with 

ICD [13]. Our study specifically delved into the 

expression of ectoCRT, the surface form of CRT, to 

gauge CRT translocation to the plasma membrane. 

Initially, we gated the apoptotic population in MDA-
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MB-231 cells subjected to varying concentrations of AE 

for 6 and 12 h (Figure 3(a)). A substantial upswing in 

ectoCRT expression was discerned at 320 µg/mL after 

12 h of treatment, with a relative mean fluorescence 

intensity (MFI) of 3.59 ± 0.4, contrasting with the 

untreated control (0 µg/mL) at 1.92 ± 0.2. Although 

other concentrations and the percentages of ectoCRT-

positive cells exhibited an ascending trend (Figures 3(f) 

and 3(g)), statistical significance for AE was not 

achieved after 6 h of the treatment (Figures 3(c) and 

3(d)).  

To fortify the claim of AE as a robust ICD inducer, 

we scrutinized the levels of secreted ATP and HMGB1 

in the extracellular milieu. The ATP bioluminescent 

assay illuminated a significant surge in secreted ATP in 

AE-treated MDA-MB-231 cells at concentrations of 160 

and 320 µg/mL, compared to the untreated control at 24 

h (0.40 ± 0.02 and 1.18 ± 0.24 nM, respectively) and 48 

h (2.09 ± 0.67 and 3.40 ± 1.18 nM, respectively) (Figure 

3(h)). Further affirming the potential ICD-inducing 

impact of AE, both intracellular and extracellular 

HMGB1 levels were examined at 48 h. Immunoblotting 

showcased a remarkable escalation in normalized 

intracellular HMGB1 at 320 µg/mL relative to the 

untreated control (1.47 ± 0.27 and 0.53 ± 0.16, 

respectively) (Figures 3(i) and 3(j)). Consistent 

findings were corroborated for extracellular HMGB1 

levels via ELISA, demonstrating a significant increase 

at 320 µg/mL of AE treatment compared to the untreated 

control (59.72 ± 19.65 and 3.37 ± 1.29 ng/mL, 

respectively) (Figure 3(k)). 

Collectively, our results underscore that AE serves 

as an inducer of ICD, substantiated by the elevation in 

expression of all 3 of DAMPs hallmarks: ectoCRT, 

ATP, and HMGB1. Based on these outcomes, we 

denoted the conditions with AE treatment at 

concentrations of 160 and 320 µg/mL for 48 h as “AE-

induced ICD” or “DAMPs-expressing conditions” in 

our study.
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Figure 3 Expression of 3 hallmarks of DAMPs induced by AE in apoptotic cells. MDA-MB-231 cells were treated with 

AE at concentrations ranging from 0 to 320 µg/mL. At 6 and 12 h, cells were stained for ectoCRT expression using an 

anti-CRT antibody, followed by apoptotic staining with Annexin V/PI dyes. Gating strategies were employed for the 

selection of total apoptotic cells (a). Representative histograms, percentages of ectoCRT-positive cells, and the relative 

mean fluorescence or MFI of ectoCRT expression at 6 h (b-d) and 12 h (e-g) were analyzed by flow cytometry, 

respectively. The bar graph depicts the mean ± SEM of at least 3 independent experiments. * indicates p < 0.05. The 

conditioned media were assessed for secreted ATP using an ATP bioluminescent assay at 24 h and 48 h (h). 

Simultaneously, total intracellular HMGB1 expression was analyzed by immunoblotting at 48 h, with a representative 

result shown in (i). The band intensity, normalized with β-actin, was compared to the control (0 µg/mL) (j). The 

concentrations of secreted HMGB1 in conditioned media at 48 h were determined by ELISA and calculated relative to 

standard curve following the manufacturer’s protocol (k). Data represents mean ± SEM of at least 3 independent 

experiments. * indicates p < 0.05, and *** indicates p < 0.001. 

 

Phagocytotic activity of iDCs pulsed with AE-

induced ICD 

In light of ICD elevating the immunogenicity of 

tumor, especially in terms of their recognition by 

antigen-presenting cells (APCs) like dendritic cells 

(DCs), it was imperative to assess the phagocytotic 

activity of DCs exposed to AE-induced ICD conditions 

(160 and 320 µg/mL after 48 h of AE treatment). 

Immature DCs (iDCs) were incubated with AE-induced 

ICD for 4 h and subsequently examined for phagocytotic 

activity. This was achieved by scrutinizing double-

positive signals from green fluorescent- labeled DCs 

and red fluorescent protein (RFP)-expressing MDA-

MB-231 cells using both flow cytometry and 

immunofluorescence staining. Representative images 

from a fluorescence microscope revealed a distinctive 

merged orange signal emanating from green 

fluorescent- labeled DCs and RFP-expressing MDA-

MB-231 cells in iDcs pulsed with AE-induced ICD at 

320 µg/mL (Figure 4(b)). 

Consistent results were obtained through flow 

cytometry analysis. The DC cell population (green 

fluorescence-positive cells; Figure 4(c) in iDCs pulsed 

with AE-induced ICD conditions at 160 and 320 µg/mL 

displayed an augmentation in the percentage of double-

positive staining cells (green fluorescent- labeled DCs 

and RFP-expressing MDA-MB-231 cells) at 6.70 ± 

2.14% and 12.57 ± 4.61%, respectively, in comparison 

to non-pulsed conditions (DCs pulsed with medium; 

2.49 ± 0.78%) as depicted in Figure 4(d). These 

findings strongly suggest that AE-induced ICD 

heightens the phagocytosis ability of DC in engulfing 

breast cancer (BC) cells. 
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Figure 4 AE-induced ICD enhances dendritic cell (DC) phagocytotic activity. Monocyte-derived immature DCs (iDCs) 

pre-stained with Cell Tracker™ Green CMFDA, were pulsed with AE-induced ICD generated by treating MDA-MB-231 

cells expressing stable red fluorescent protein (RFP) with AE at concentrations of 0, 160 and 320 µg/mL for 48 h. The 

pre-stained iDCs were then exposed to culture cells and conditioned media of each treatment condition, including 

untreated (iDCs + medium), AE treatment at 160 µg/mL (iDCs + AE 160 µg/mL), and AE treatment at 320 µg/mL (iDCs 

+ AE 320 µg/mL) for 4 h (a). Phagocytotic activity was assessed by examining double-positive signals from green 

fluorescent DCs and RFP-expressing MDA-MB-231 cells using fluorescence microscopy and flow cytometry.                      

A representative fluorescence result is illustrated in the iDCs + AE 320 µg/mL condition, indicated by an orange signal 

with an arrow (b). The gated DC population (positive green fluorescence signal) was selected for further examination of 

RFP-positive signals (c). The bar graph depicts the percentages of double-positive cells (d). Data represents mean ± SEM 

of at least 3 independent experiments. ** indicates p < 0.01. 
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Morphological and phenotypic characteristics 

of DC maturation in iDCs pulsed with AE-induced 

ICD 

In tandem with assessing the phagocytotic activity 

of DCs, we conducted comprehensive characterizations 

of morphological and phenotypic maturation to 

elucidate the augmentation of DC maturation induced 

by AE-induced ICD. iDCs subjected to AE-induced 

ICD, underwent morphological scrutiny under a light 

microscope after an extended pulsing duration of 48 h. 

Microscopic images unveiled distinctive features in iDC 

pulsed with AE-induced ICD, particularly at 320 

µg/mL, showcasing irregular shapes, significantly 

enlarged sizes, cell surface ruffles, and the emergence of 

multiple elongated dendrites (Figure 5(a6)). This was in 

stark contrast to control iDC - iDC treated with medium 

(Figure 5(a2)). Control groups included precursor cells 

(monocytes) and iDC treated with TNF-α and IFN-γ, 

serving as controls for DC differentiation and positive 

control of DC maturation, respectively (Figures 5(a1) 

and 5(a3)). 

To affirm the impact of AE-induced ICD on DC 

maturation, the expression of co-stimulatory surface 

molecules, namely CD40, HLA-DR, CD80, CD83, and 

CD86, was examined in terms of both the percentages 

of positive-cells and relative MFI analysis. The results 

demonstrated an escalating trend in the relative MFI of 

CD86 expression with AE-induced ICD at both 160 and 

320 µg/mL. However, statistical significance was 

attained only at 320 µg/mL when compared to iDC 

treated with medium (0 µg/mL), with a relative MFI of 

1.38 ± 0.10 and 1.00 ± 1.00, respectively, as illustrated 

in Figure 5(d). Furthermore, the percentages of positive 

cells of CD80, CD83, HLA-DR, and the relative MFIs 

of CD80 and CD83 displayed a similar increasing trend, 

with significant difference observed at 320 µg/mL of AE 

induction (Figures 5(b) - 5(f)). In summary, AE exerts 

a potent influence on enhancing DC maturation and 

activation, as substantiated by both morphological and 

phenotypic characterizations, particularly through a 

pronounced increase in CD86 expression. 
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Figure 5 AE-induced ICD enhances expression of co-stimulatory surface molecules on DCs. Monocyte-derived immature 

DCs (iDCs) were pulsed with AE-induced ICD conditions, including cell lysates and concentrated conditioned media 

from AE-treated MDA-MB-231 cells at concentrations of 0, 160, and 320 µg/mL for 48 h, alongside a positive control 

of DC maturation for 2 days. Morphological and phenotypic maturation characteristics were examined using a light 

microscope at 20× magnification and immunophenotyping. Representative images illustrate cell morphology in various 

conditions, including monocyte precursor cells (a1), iDCs + AIM-V medium (a2), iDCs + AIM-V medium supplemeted 

with TNFα and IFN-γ as a positive control for conventional DC maturation (a3), iDCs + 0 µg/mL (a4), iDCs + AE 160 

µg/mL (a5), and iDCs + AE 320 µg/mL (a6). The b-f represent the surface expression of CD80, CD83, CD86, CD40, and 

HLA-DR on iDCs in conditions of iDCs + 0 µg/mL, iDCs + AE 160 µg/mL, and iDCs + AE 320 µg/mL measured by 

immunophenotyping using specific antibodies for each molecule and analyzed using flow cytometry. Representative 

histograms (b-f; upper) and bar graphs illustrating the percentages of positive cells (b-f; center), and relative mean 

fluorescence intensity (MFI) are presented in the bottom sections of b-f, respectively. The relative MFI was calculated in 

comparison to iDCs + 0 µg/mL condition. Data are presented as mean ± SEM from 3 independent donors. *indicates p < 

0.05 (unpaired Student’s t-test, control and 320 µg/mL of AE). 

 

Discussion  

Triple-negative breast cancer (TNBC) stands out 

as the most aggressive form with the bleakest prognosis 

among all types of BC, constituting approximately 15% 

- 20% of all BC cases. Characterized by the absence of 

estrogen (ER), progesterone (PR), and human epidermal 

growth factor-2 receptor (HER-2) expression, TNBC 

presents a unique challenge as it remains unresponsive 

to hormonal and HER-2-targeted therapies [20,21]. 

Presently, the mainstay treatment for BC, including 

TNBC, encompass chemotherapy and 2 

immunotherapeutic modalities: Vaccines and immune 

checkpoint inhibitors (ICI). Nevertheless, the 

suboptimal response rates and the emergence of serious 

adverse effects associated with these interventions 

underscore the imperative need for the innovation and 

development of novel, more promising, and highly 

effective strategies for TNBC treatment [22,23]. 

Aquilaria species are renowned for their 

substantial economic and medicinal value. Beyond the 

coveted agarwood oil, various parts of these plants, such 

as the leaves, have garnered attention for their medicinal 
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and anti-tumor properties [4,8]. Among the Aquilaria 

species, Aquilaria crassna (A. crassna) Pierre ex 

Lecomte stands out prominently. The leaf extract of A. 

crassna Pierre ex Lecomte (AE) demonstrates a myriad 

of bioactivities, including its capability to induce 

apoptosis in BC models [1,5,6]. Furthermore, 

mangiferin, a bioactive compound present in A. crassna, 

has been previously acknowledged for its anti-cancer 

attributes and immunostimulatory effects [17,18]. 

However, there is currently a lack of evidence 

demonstrating the anti-tumor activities of AE or its 

potential to induce immunogenic cell death (ICD), a 

process with the capacity to activate the anti-tumor 

effects of dendritic cells (DCs). 

In this study, we elucidate the role of AE in 

inducing apoptotic and ICD, thereby augmenting the 

anti-tumor activities of DCs in TNBC model. A prior 

study by Jang et al. [12] documented the anti-tumor 

effect of A. crassna Pierre ex Lecomte, demonstrating 

apoptosis induction and angiogenesis inhibition in 

MDA-MB-231 and MCF-7 cells through agarwood 

extract utilization. In our investigation, bioactive 

components of AE were identified using validated 

HPLC. The analysis confirmed the presence of all 4 

main bioactive components in our prepared AE, 

including iriflophenone 3,5-C-β-D-diglucoside (4.80 ± 

0.09 %w/w), iriflophenone 3-C-β-D-glucoside (1.04 ± 

0.01 %w/w), mangiferin (4.54 ± 0.33 %w/w), and 

genkwanin 5-O-β-primevoside (0.18 ± 0.02 %w/w). To 

standardize the extract, AE was monitored for quality by 

regulating the quantities of the 4 principal bioactive 

constituents, compound 1 - 4.  The controlling amounts 

must be no less than 3%, 1%, 4% and 0.05%, 

respectively. Those regulating quantities were 

apprehensive regarding their capacity for biological 

activities, as determined by the research group that 

reported other biological activities utilizing AE 

produced from the same technique [7,24]. 

These constituents, recognized for their 

antioxidant, antiglycation, and anti-inflammatory, and 

vasodilator properties, align with prior reports [6,7]. 

Remarkably, mangiferin, a well-known compound for 

its anti-tumor and immunomodulatory effects, emerged 

as the second most abundant component in AE (Table 

1). Furthermore, the stability of compounds 1 - 3 in both 

powdered form and aqueous solution was established in 

a previous study [19]. Predictions of the shelf life (t90%) 

at 25 C for the powdered form of compounds 1 - 3 in 

AE, using Arrhenius plot, revealed a shelf life of 989 

days, 248 days, and unpredictability, respectively. In 

contrast, the shelf life of their solution form at 25 C was 

shorter, at 189, 13 and 75 days, respectively. This 

information underscores the stability of compounds 1 - 

3 in aqueous solutions, ensuring their viability for use in 

cell cultures for 48 h. This duration is deemed sufficient 

for inducing ICD or DAMPs expression in our studies. 

AE displayed a dose-dependent anti-tumor effect, 

evident in the reduction of MDA-MB 231 cell viability 

across the 0 - 640 µg/mL range (Figure 2(a)). The IC50 

values for AE treatment at 24 and 48 h were found to be 

148.3 and 91.93 µg/mL, respectively. It is noteworthy 

that Jang et al. [12] observed anti-tumor activity against 

MDA-MB 231 cells, although they did not report the 

corresponding IC50 value. In a separate study, Abbas et 

al. [25] investigated the cytotoxic impact of Aquilaria 

subintegra (A. subintegra) leaf extract on MCF-7 cells, 

revealing a 4.52% cell viability at 100 µg/mL of A. 

subintegra after 24 h, determined through cell counting 

procedure. Importantly, our study is the inaugural report 

illustrating the cytotoxicity of AE on the TNBC model. 

The observed disparities in cytotoxicity induction 

between their study and ours may be attributed to 

variances in Aquilaria species and cell types. 

Furthermore, our study also revealed that AE is less 

toxic on non-tumorigenic cells than the tumorigenic 

cells. At the maximal dose of 640 µg/mL, AE 

demonstrated the highest toxicity on TNBC, exhibiting 

less harm to MCF-10A cells compared to MDA-MB-

231 cells (Figures 2(a) and 2(b)). This result is 

supported by the study in normal cells, rat isolated 

smooth muscle cells. They demonstrated no cytotoxicity 

in normal smooth muscle cells in a concentration of 

1,000 g/mL of AE [6]. 

We further elucidated the role of AE as an inducer 

of ICD, substantiated by its capacity to prompt apoptosis 

in MDA-MB-231 cells. Notably, a pronounced increase 

in apoptosis was evident, particularly at the 48-hour 

time point, with apoptosis levels reaching 27.42 ± 

5.30% and 32.07 ± 3.10% at concentrations of 160 and 

320 µg/mL, respectively (Figures 2(e) and 2(f)). In the 

context of this apoptotic induction, AE resulted in a 

substantial rise in secreted ATP (Figure 3(h)) and 

elevated levels of HMGB1 (Figures 3(i) - 3(k)). 
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Moreover, a significant relative mean fluorescence 

intensity (MFI) of ectoCRT was detected as early as 12 

h into the treatment (Figure 3(g)). These findings align 

with prior studies, both in vitro and in vivo, investigating 

the impact of various chemotherapeutic agents and 

natural products. For example, Quan et al. [26] explored 

the use of ethanol extract of Cordyceps militaris in 

MDA-MB-231 cells, noting a 40% induction of 

apoptosis and a substantial increase in ectoCRT 

expression within a 6 - 72 h timeframe. Similarly, an 

examination of cholangiocarcinoma apoptosis cells 

treated with Honokiol isolated from Magnolia 

officinalis demonstrated HMGB1 expression between 

24 and 48 h [27]. Additionally, low doses of gemcitabine 

significantly increased ectoCRT and HMGB1 

expression levels after 24 h of the treatment in the Lewis 

lung carcinoma (LLC) cell line [28]. In addition to those 

inducers, the 3 DAMPs markers inducted by AE were 

accorded to other known inducers such as anthracy- 

clines, γ-irradiation, and oncolytic viruses [29-31]. 

Our findings unequivocally establish that AE 

possesses the capacity to induce key DAMPs 

expression, akin to standard chemotherapeutic drugs or 

established ICD inducers. This observation suggests that 

the ICD induced by AE in our study holds promise for 

instigating an anti-tumor response in BC. ICD has 

emerged as a highly promising strategy for triggering 

adaptive immune responses against tumors [32]. The 

heightened immunogenicity resulting from ICD aligns 

with the criteria for an endogenous vaccine or DC-based 

vaccine, proven effective in activating DCs and 

enhancing antitumor immunity [33]. Moreover, ICD-

based cancer monotherapy has demonstrated efficacy in 

treating metastatic breast cancer and retroperitoneal 

sarcoma. Some such therapies are currently in 

preclinical or clinical development, often as part of 

combination therapy with conventional 

chemotherapeutic ICD inducers and emerging immune 

checkpoint inhibitor (ICI) like anti-PD1 and CTLA-4, 

spanning various cancer types [34-36]. ICD is linked to 

the activation of the intracellular stress response, either 

indirectly (type I inducer) or directly (type II inducer), 

acting on the endoplasmic reticulum (ER) and 

ultimately culminating in cell death. It is well-

established that ER stress, activated by reactive oxygen 

species (ROS), plays a significant role in ICD [30]. The 

expression of ectoCRT is essential and involves the 

unfolded protein response (UPR) via protein kinase 

RNA-like ER kinase (PERK) and eukaryotic 

transcription initiation factor 2 (eIF2α) [37]. 

Simultaneously, the release of ATP into the extracellular 

space during ICD occurs in the late stage of apoptosis 

and is associated with autophagic induction [29]. In 

contrast to ectoCRT and ATP, HMGB1 is passively 

released into the extracellular space during the late 

apoptotic/necrotic stage of ICD, when both the nuclear 

and plasma membranes have been permeabilized [38]. 

Regrettably, our study did not present data on the 

underlying mechanism of ICD induced by AE. Drawing 

on the evidence from other ICD inducers, the majority 

of them caused ICD by engaging with ER stress, ROS 

production, and autophagic cell death, implying that AE 

may induce ICD similarity to established ICD inducers 

[34,39,40]. For instance, mangiferin has been reported 

to enhance autophagy in cardiomyocytes and induce 

autophagy and endogenous ROS production in 

pancreatic cancer cells [41,42]. Given the mechanism of 

mangiferin in inducing ROS production, we 

hypothesized that mangiferin may act as an ICD 

inducer. Further investigation is required to validate the 

effects of mangiferin and its underlying mechanism, 

together with the other 3 bioactive components 

(compounds 1 - 4), in triggering ICD in BC model. DCs 

stand out as the most potent professional antigen-

presenting cells (APCs) bridging innate and adaptive 

immune responses against tumors by activating CD8+ 

and CD4+ T cells [43]. Various cancers, including head 

and neck squamous cell carcinoma (HNSCC), renal and 

prostate cancer, and BC, have been associated with 

decreased numbers of mature DCs, reduced capacity to 

stimulate T cell proliferation, and spontaneous apoptosis 

[44-46]. Hence, it is imperative to develop strategic 

approaches aimed at inducing or augmenting effective 

DC functions. Our study on AE-induced ICD uncovered 

the ability to enhance DC maturation, evidenced by an 

increased phagocytotic ability of immature DCs (iDCs) 

4 h after pulsing with AE-induced ICD (Figure 4(d)). 

Furthermore, a morphological maturation of pulsed DCs 

was observed, transitioning from round and smooth-

surfaced iDCs to irregularly shaped cells with a 

significantly larger size, and ruffles on the cell surface 

with multiple and longer dendrites. This morphological 

transformation aligns with the typical characteristics of 

mature DCs [47]. In addition to morphological 
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maturation, AE-induced ICD also led to phenotypic 

maturation of DCs, marked by a significant increase in 

the expression of CD86, and a trend toward increased 

expression of other co-stimulatory molecules necessary 

for T cell activation, such as CD80 and CD83, and HLA-

DR. The heightened phagocytotic activity and increased 

expression of CD86 and CD80 in iDCs pulsed with AE-

induced ICD are consistent with findings from a study 

by Turubanova et al. [48], where ICD induced by 

photosensitizers (photosens and photodithazine) in 

murine glioma GL261 and fibrosarcoma MCA205 cells 

resulted in the expression of ectoCRT, secreted ATP and 

secreted HMGB1, leading to increased phagocytosis of 

bone-marrow-derived dendritic cells (BMDCs). 

Another study by Donnelly et al. [49] found that 

secreted HMGB1 induced by the measles virus could 

induce DC maturation, as evidenced by a significant 

increase in CD86 and CD80 expression. Hence, it is 

probable that AE-induced ICD in cancer cells results in 

heightened maturation of DCs, accompanied by 

phenotypic changes, activated functions, and elevated 

expression of additional co-stimulatory molecules. 

Consequently, this activation is anticipated to enhance 

the anti-tumor functions of T cells. While our findings 

may indicate that AE induces ICD and enhances the 

phagocytosis and maturation of dendritic cells (DCs), 

further research is required to elucidate AE’s role as an 

immunomodulator in promoting effective cancer cell 

eradication. Specifically, it is essential to demonstrate 

that AE-mediated DC maturation subsequently activates 

T cells, increases T cell infiltration, and ultimately 

facilitates the efficient destruction of cancer cells, both 

in vitro and in vivo as indicated by Quan et al. [26]; 

Jiraviriyakul et al. [27]; Zhao et al. [50]. We 

hypothesize that AE-mediated DC maturation may 

trigger all the described processes, given our findings 

identified all the earliest stages of ICD-induced immune 

responses consistent with those studies. 

 

Conclusions 

This study is pioneering in revealing the role of AE 

in inducing ICD, thereby enhancing the anti-tumor 

function of DCs. AE accomplishes this beneficial 

activity by instigating apoptotic cell death and 

significantly elevating the levels of ectoCRT, secreted 

ATP, and HMGB1 - key indicators of ICD. The resultant 

AE-induced ICD leads to heightened phagocytotic 

activity and a marked increase in the expression of 

CD86, CD80, CD83, and HLA-DR, all indicative of DC 

maturation. These findings provide fresh insights into 

the anti-tumor activity and immune-activating effect of 

AE, particularly concerning DC activation in a TNBC 

model, complementing the previously documented 

medicinal activities of AE. Moreover, given the 

traditionally ensured safety of A. crassna leaves through 

their use in herbal remedies, tea, soup, and other edible 

products, the study suggests the potential development 

of AE as a dietary complementary or alternative 

treatment for anti-tumor purposes in the future. 

However, to comprehensively understand its efficacy, 

further studies are essential, particularly in investigating 

T cell activation and enhancement of cancer cell killing, 

along with validation in in vivo models. 
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