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SUMMARY

Immunogenic cell death (ICD) can activate the anticancer immune response and its occurrence requires
high reliance on oxidative stress. Inducingmitochondrial reactive oxygen species (ROS) is a desirable capa-
bility for ICD inducers. However, in the category of ICD-associated drugs, numerous reported ICD
inducers are a series of anthracyclines and weak in ICD induction. Herein, a mitochondria-targeting dihy-
droartemisinin derivative (T-D) was synthesized by conjugating triphenylphosphonium (TPP) to dihydroar-
temisinin (DHA). T-D can selectively accumulate in mitochondria to trigger ROS generation, leading to the
loss of mitochondrial membrane potential (DJm) and ER stress. Notably, T-D exhibits far more potent
ICD-inducing properties than its parent compound. In vivo, T-D-treated breast cancer cell vaccine inhibits
metastasis to the lungs and tumor growth. These results indicate that T-D is an excellent ROS-based ICD
inducer with the specific function of trigging vigorous ROS in mitochondria and sets an example for incor-
porating artemisinin-based drugs into the ICD field.

INTRODUCTION

The low immunogenicity of tumors is one of the main obstacles to the application of cancer immunotherapy.1,2 Therefore, it is imperative to

improve the immunogenicity of tumors for activating an immune response. In recent years, inducing the immunogenic cell death (ICD) of

cancer cells serves as a promising approach to developing tumor immunogenicity.3 ICD is a form of regulated cell death that occurs in

stressed, injured, or dying cells and featured the emission of damage-associated molecular patterns (DAMPs) that can efficaciously trigger

an anticancer immune response.4 Three typical ‘‘danger’’ signals of DAMPs are identified as the hallmarks of ICD, including calreticulin

(CRT), high-mobility group box 1 (HMGB1), and adenosine triphosphate (ATP).5 In specific, CRT is exposed as ‘‘eat-me’’ signals on the cell

surface to facilitate the phagocytosis of dendritic cells (DCs). Adenosine triphosphate (ATP) is released into the extracellular environment,

acting as a ‘‘find me’’ signal for recruiting DCs to sites of active ICD. Furthermore, HMGB1 is liberated from the nucleus to the extracellular

environment with the function of enhancing the antigen presentation effect of DCs. Their interactions with the immune system synthetically

lead to converting a ‘‘cold’’ tumormicroenvironment into a ‘‘hot,’’ immunogenic one.6,7 Since themechanism of ICD induction is correlated to

the ICD inducer itself, inducers can be classified into two types depending on whether they are selectively targeted to the endoplasmic re-

ticulum (ER) or not.8 Type I ICD inducers (e.g., doxorubicin, mitoxantrone, and paclitaxel) induce the emission of DMAPs through the non-ER-

associated targets or reactive oxygen species (ROS).9,10 Conversely, Type II ICD inducers can specially target the ER to disturb ER homeosta-

sis, thereby causing ER stress and ICD.11–13 The process of ICD induction is highly stressor-dependent, growing strategies have been

executed for designing small-molecule agents, metallic compounds, or nano-platforms as inducers to induce ICD by evoking stress in cancer

cells.14–17

Mitochondria are vital for themaintenance of cellular physiological function due to their role as cellular powerhouses, metabolic and signal

transduction centers.18 Studies have reported that mitochondria and ER jointly maintain cellular homeostasis by exchangingmetabolites and

ions across the mitochondria-associated ER membrane (MAMs).19,20 So, the physiological state of each organelle is affected by the other.21

For instance, calcium ions overload in mitochondria can increase ROS further leading to ER stress.22–24 Thus, it may be a potential way here

that the induction of ICD is achieved by triggering ROSgeneration inmitochondria. Indeed,mitochondria-targeting agents or nano-materials

have been reported to significantly enhance ICD effects by inducing mitochondrial ROS in a spatiotemporal control manner (e.g., photody-

namic and sonodynamicmodalities).25,26 Moreover, our pervious study proved that equal amounts of ROS generated in themitochondria can

induce stronger ICD effects than generation in the cytoplasm.27 In this respect, endowing agents withmitochondrial targeting is necessary for

inducing a large-scale ICD.
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Dihydroartemisinin (DHA), a derivative of artemisinin containing the peroxy group, has been confirmed and recommended by the World

Health Organization (WHO) as a safe and effective antimalarial drug.28 The peroxy group that endows its antimalarial and anticancer activity

can react with ferrous ions or heme to form highly reactive and toxic carbon-centered free radicals, leading to the alkylation of target proteins

and oxidative stress in cells.29–32 Currently, there are few studies on the role of DHA in inducing ICD, and the non-specific distribution of DHA

in the cytoplasm results in a mild ICD effect.33 We posited that the potential of ICD induction has not been fully realized due to the lack of

mitochondria-targeting of DHA itself. As we all know, heme is produced in the mitochondria and acts as an activator of dihydroartemisinin.

Capitalizing on this, we tried to deliver DHA into the mitochondria for reaction with heme to induce ICD by mitochondrial ROS production,

known as the pattern of Type I ICD induction. Encouraged by previous works, triphenylphosphonium (TPP), a lipophilic cationic unit, was used

as a mitochondrial-targeting ligand for effective delivery of drugs to selectively localize in the mitochondria with a highly negatively charged

membrane potential (DJm, �220 mV).34 Based on this fact, a mitochondria-targeting dihydroartemisinin derivative TPP-DHA (named T-D)

was synthesized by linking triphenylphosphonium (TPP) to dihydroartemisinin (DHA). In this work, we proved that T-D efficaciously heightens

ICD-associated DAMPs release more than non-mitochondrial-targeting DHA because of its specific mitochondria-targeting and higher ROS

generation capability in mitochondria. Additionally, considering that the effect of the cancer cell vaccine-induced immune response is mainly

dependent on the expression quantity of its surface CRT, we optimized the dose and treatment time of T-D-treated cancer cells to identify the

optimal conditions for the highest CRT expression. Inspiringly, the prophylactic tumor vaccination experiment demonstrated that the T-D-

treated cell vaccine can effectively excite the body to establish a robust immune response, form a long-lasting immune memory, and

strengthen the immunotherapy efficacy against cancer. In brief, T-D is a ICD inducer, which expands the application of artemisinin analogs

in ICD research.

RESULTS

Characterization of triphenylphosphonium- dihydroartemisinin

TPP-DHA (T-D) was synthesized fromdihydroartemisinin (DHA) and TPPBr-(CH2)4-COOHby a one-step esterification reaction, which is shown

in Figure S1.34 The intermediate TPPBr-(CH2)4-COOH and target product TPP-DHA were characterized with 1HNMR spectra (Figures S2 and

S3). The structure of T-D were confirmed by 13C NMR and ESIMS (Figures S4 and S5).

Cell viability test in vitro

MTT assay results in Figure 1A demonstrated that the cytotoxicity of T-D against 4T1 cells with an IC50 value of 1.3 mMwas stronger than DHA

with an IC50 value of 4.5 mM. In addition, cytotoxicity and IC50 of T-D against CT26, HeLa, and MCF-7 cell lines were shown in Figure S6. In

comparison of DHA, TPP-modified DHA is able to easily accumulate in the mitochondria of cancer cells and react with abundant mitochon-

drial heme in cancer cells to generate large amount of toxic ROS. Simultaneously, the effects of DHA and T-D on the viability of 4T1 cells were

evaluated using live-dead cell staining. As shown in Figure 1B, in the case of DHA-treated 4T1 cells, there was strong green fluorescence from

live cells stained with Calcein-AM and weak red fluorescence from dead cells stained with Pyridine Iodide, indicating the low ability of DHA to

kill 4T1 cells. In contrast, negligible green fluorescence and strong red fluorescence was observed in T-D-treated 4T1 cells. These results are

consistent with MTT assay results. The quantitative analysis of apoptosis with flow cytometry, shown in Figure 1C, demonstrated that the total

apoptosis rate of 4T1 cells induced by T-D was 35.8%, which was remarkably higher than that of DHA at 7.76%. Taken together, T-D showed

remarkable enhancement in cytotoxicity compared with DHA which was attributed to the enrichment of DHA in mitochondria by the incor-

poration of cationic TPP unit.

Analysis of reactive oxygen species generation

ROS are essential for regulating various physiological functions of living organisms, while excessive ROS production causes the disruption of

intracellular redox homeostasis, the depolarization of the mitochondrial membrane, up-regulation caspase level, and induction apoptosis.35

DCFH-DA andMito-tracker Red were used as fluorescent probes to monitor the generation and intracellular location of ROS in 4T1 cells after

separate treatment with DHA and T-D at a concentration of 2.5 mM for different time (6 h, 12 h, 18 h, 24 h). The confocal laser scanning mi-

croscopy (CLSM) images, shown in Figure 1D, demonstrated that both DHA and T-D treatments induced the generation of ROS in 4T1 cells.

The intensities of green fluorescence of DCF, generated from DCFH and ROS in the cells, increased with the increase of incubation time

together with DHA or T-D, suggesting that the level of intracellular ROS production gradually increased, however, after the same treatment

time, T-D inducedgeneration ofmore ROS thanDHA. In addition, in the case of DHA-treated cells, non-overlap of green fluorescence and red

fluorescence from Mito-tracker Red for labeling the mitochondria indicated that generated ROS did not locate in the mitochondria. Differ-

ently, ROS in 4T1 cells treated with T-D for 12 h mainly located the mitochondria since the green and red fluorescence well overlapped in the

cells. Further incubation of 4T1 cells with T-D (18 or 24 h) resulted in serious mitochondrial damage. The seriously damaged mitochondria

could not be labeled with Mito-tracker Red. Furthermore, the level of ROS production was quantified by flow cytometry analysis, as shown

in Figures S7, 1E, and 1F). It was found that the ROS production in different groups was time-dependent. For example, after treatment

with T-D for 6 h, 12 h, 18 h, and 24 h, the percentages of ROS+ cells increased from 9.6% to 10.4%, 17%, and 21%, respectively. At all incubation

time point, T-D-treated cell showed more ROS generation ability than DHA-treated cells. Similar results were obtained in the mean fluores-

cence intensity values (MFI) of cells separately treated with DHA and T-D, which are also consistent with fluorescent imaging results

with CLSM.
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Evaluation of mitochondrial depolarization

Mitochondrial membrane potential (DJm) is closely related to the physiological state of cells. The effects of T-D and DHA on DJm were

evaluated using JC-1 dye. JC-1 fluoresces red as aggregate in themitochondrial matrix with high DJm, while fluoresces green as amonomer

in the damaged mitochondrial matrix with low DJm. As shown in Figure S8, stronger green fluorescence was observed in cells treated with

T-D for 12 h, certifying that mitochondrial damage manifested as a decrease in DJm, while the green fluorescence was weak in the DHA

group. After 24 h, the red fluorescence of the T-D group almost disappeared and showed strong green fluorescence compared with the

DHA group, demonstrating that themitochondria were severely disrupted and attenuatedDJm significantly. In addition, a quantitative anal-

ysis of DJm changes was shown in Figures 2A and S9. The proportion of green fluorescence increased from 14.4% (46.7%) to 34.4% (88.6%)

after cells were treated with DHA (T-D) from 12 h to 24 h, respectively, which means that the relative Red/Green ratio in the T-D group was

significantly lower than the DHA group, providing solid evidence for T-D enhanced DJm decrease via mitochondrial targeting (Figure 2B).

Detection of immunogenic cell death effect

After stimulation by certain agents, cells release some immunogenic cellular contents such as CRT, HMGB1 and ATP, a process known as

immunogenic cell death (ICD).36,37 Firstly, to investigate whether T-D could massively evoke ICD, the CRT exposure on the surface of cells

was quantified analysis (Figure S10).We speculated that the expression of CRT could be related to the agent, dose, and duration of treatment.

ThenCRTwasmeasured after cells incubationwith T-D at different concentrations (0.5 mM, 1 mM, 2 mM, 2.5 mM, 3 mM) and different times (12 h,

Figure 1. Cell viability and ROS detection

(A) In vitro cell viability of 4T1 cells after being treated with DHA and T-D. Data are presented as meanG S.D. (n = 3), *p < 0.05, **p < 0.01, ***p < 0.001, by one-

way analysis of variance (ANOVA).

(B) 4T1 cells after being treated with DHA and T-D, which were stained with Calcein-AM/PI to observe the living or dead cells, scale bar = 200 mm.

(C) Cell apoptosis assay of 4T1 cells after incubation with DHA or T-D for 24 h.

(D) CLSM images of 4T1 cells for ROS generation (green fluorescence) after treatment with DHA or T-D at different times, scale bar = 10 mm.

(E) The MFI value of DCF was measured by flow cytometry.

(F) Percentages of ROS+ expression in 4T1 cells.
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Figure 2. Mitochondrial damage and ICD detection

(A) 4T1 cells treated with different formulations and stained with JC-1 were analyzed with flow cytometry.

(B) Statistical analyses of the relative ratio of JC-1 aggregate (red)/JC-1 monomer (green).

(C) Percentages of CRT+ expression in 4T1 cells.

(D) The MFI value of CRT was measured by flow cytometry.

(E) Flow cytometry analyses of the exposed CRT on the surface of 4T1 cells incubation with DHA and T-D, respectively.
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24 h). As shown in Figures 2C and 2D, after the cells were co-incubated with T-D for 12 h, it was found that CRT+ expression was highest and

the MFI value reached the maximum at a concentration of 2.5 mM. Notably, after 24 h, the results were still in accordance with the above, but

CRT+ expression was 1.56 times higher than before. Therefore, this optimal drug concentration guided the subsequent experiments and

proved that the previous hypothesis was valid. Additionally, as shown in Figure 2H, it was observed by CLSM that the intensity of green fluo-

rescence of CRT changed with the increase of T-D drug concentration from 0.5 mM, 1 mM, 2 mM, 2.5 mM, and 3 mM. As expected, the green

fluorescence was strongest at a concentration of 2.5 mM, which is consistent with the above outcome obtained by flow cytometry analysis. In

contrast to the T-D group, the green fluorescence was weak with no significant regular changes in the DHA group (Figure S11). Simulta-

neously, cells were treated with both T-D and DHA at concentrations of 2.5 mM for 24 h, respectively, the fluorescence intensity of CRT in

the T-D group was greater than the DHA group (Figure 2E). In conclusion, under the same experimental condition, there was a significant

difference in CRT expression after cells were treated with T-D and DHA, respectively. It is this difference that proved the important role of

DHA in targeting mitochondria to generate excess ROS and thus induce CRT expression. HMGB1 is a typical representative of endogenous

alarmin. Under normal physiological conditions, it belongs to intracellular DNA-binding protein with functions of stabilizing nucleosomes and

regulating gene transcription, but when cells are necrotic by external factors, it will be released from the nucleus to the extracellular environ-

ment.38 To explore whether T-D can induce HMGB1 release, as shown in Figure 2I, the significantly reduced red fluorescence was observed in

the nucleus and cytoplasm, indicating that a considerable amount of HMGB1 was released from the nucleus to the extracellular environment.

However, showy red fluorescence could still be observed in the nucleus and cytoplasm for theDHA group, andmainly localized to the nucleus

in the Control group. The level of ATP secretion was detected to further confirm the ability of T-D to induce ICD. It was shown that the amount

of extracellular ATP secreted in the supernatant from the T-D group was 1.2 times higher than the DHA group (Figure 2F). ICD-inducing prop-

erties of T-D in other cell lines were also performed (Figures S12—S14). Additionally, T-D demonstrated stronger ICD-inducing ability

compared to DOX, a traditional ICD inducer (Figure S15). These results comprehensively indicated that T-D is an excellent ROS-based

ICD inducer owing to its focused mitochondrial-targeting and efficient ROS production ability.

Analysis of apoptosis-related proteins

Excessive production of ROS alters the outer mitochondrial membrane permeability, causing mitochondria to release apoptosis-related factors

into the cytoplasm, ultimately triggering caspases-dependent apoptosis via an endogenous pathway initiated from themitochondria.39Cleaved-

caspase-3 is the activated form of caspase-3 produced by the cascade effect of caspases, and its presence indicates the cell enters the execution

phase of the apoptotic effect.40 As shown in Figure 2G, Cleaved-caspase-3 was upregulated in the T-D group in contrast to the DHA group,

indicating that T-D induced apoptosis more efficaciously through the mitochondrial pathway than DHA. The endoplasmic reticulum (ER) also

plays a pivotal role inmaintaining cellular Ca2+ homeostasis aswell as protein and lipidproduction, processing, and transport.41WhenROSenter

the ER togenerate oxidative stress, it causes the dissociated PERK to undergo autophosphorylation to formp-PERK.42More importantly, amuch

higher protein level of p-PERK was observed in the T-D group compared with the DHA group. Collectively, these results suggested that mito-

chondrial ROS could evoke ER stress which is most likely related to crosstalk between ER and mitochondrial ROS through MAMs.43

Dendritic cell maturation and cytokine detection in vitro

Dendritic cells (DCs) are the protagonist for the uptake, processing and presentation of antigens, and its process of maturation induced by

ICD is always accompanied by the secretion of cytokines such as interleukin-6 (IL-6) and tumor necrosis factor (TNF-a).44 As shown in

Figures 3A and 3B, the proportion of mature DCs was 53.8% in the T-D group, which was obviously higher than those groups of DHA

46.1%, X-ray 40.8%, and Control 36.1%. So, the T-D-treated cell vaccine exhibited the best effect for eliciting the activation of DCs. Addition-

ally, IL-6 and TNF-a as indicators of DC activation were detected by ELISA. These results showed that the secretion levels of IL-6 and TNF-a

fromDCs suspensions in the T-D group were well above those in others, demonstrating that T-D-treated cell vaccine could evoke strong anti-

tumor immunity thanks to the induction of the ‘‘eat me’’ signal by ICD (Figures 3C and 3D).

Immune response in vivo

Initially, one week after twice vaccination, the mice in each group were sacrificed and the inguinal lymph nodes were isolated for evaluating

DCs maturation during the adaptive immune response by flow cytometry. As displayed in Figures 4A and 4B), the proportion of mature DCs

(CD80+CD86+) in the T-D group (z28.6%) was dramatically higher than those in the other three groups (z18%,z15%, andz10.2% for DHA,

X-ray, and Control group, respectively). The result firmly proved that the T-D-treated cell vaccine gave the best performance in the uptake of

antigens by DCs and the promotion DCs maturation.

Initial T cells are stimulated by antigens and proliferate and differentiate into helper T cells (CD3+CD4+) and cytotoxic T cells (CD3+CD8+)

under different conditions, where CD3+CD4+ T cells with assisting the function of humoral and cellular immunity and CD3+CD8+ T cells can

Figure 2. Continued

(F) Quantitative analyses of ATP in the cell supernatants after 4T1 cells were treated with DHA and T-D, respectively. Data are presented as meanG S.D. (n = 3),

***p < 0.001, **p < 0.01, and *p < 0.05.

(G) Western blotting analysis of apoptosis-related proteins in 4T1 cells treated by PBS, DHA, and T-D.

(H) CRT translocation onto the cellular membrane was observed by CLSM after the 4T1 cells incubation with T-D, scale bar = 10 mm.

(I) CLSM images showing HMGB1 release from the nucleus of 4T1 cells treated with DHA or T-D, respectively, scale bar = 10 mm.
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specifically kill target cells.45,46 To intrinsically verify whether the T-D-treated cell vaccine can induce the formation of a systemic immune

response, a series of immune cells in the spleen were analyzed by flow cytometry using T-distribution distributed stochastic neighbor embed-

ding (t-SNE, Figure 4C), and the corresponding results are shown in Figure 4D. No significant changes in CD3+CD8+ T cell proliferation in

spleens of mice severally treated with PBS, DHA-treated cell vaccine, and X-ray-treated cell vaccine (21.2%, 21.6%, and 21.8%). Observably,

the T-D-treated cell vaccine appreciably improved the proportions of CD3+CD8+ T cells (23%). Moreover, the percentage of CD3+CD4+

T cells in total T cells (CD3+) was 16.8%, 19.8%, 28.2%, and 34.1% in the Control, X-ray, DHA, and T-D groups, respectively. Similarly, it

was found that Th1(CD4+IFN-g+) cells also increased sequentially in the order of the above groups, 1.89%, 3.64%, 5.04%, and 6.03%, and

it secretes the cytokine IFN-g that activates macrophages and promotes cytotoxic T cells (CD8+IFN-g+) maturation. Meanwhile, immune

memory T cell was evaluated to determine whether the T-D-treated cell vaccine could effectively induce an immune memory effect. Memory

T cells (TM) include CD4+ TM and CD8+ TM, each of which is subdivided into effective memory T cell (TEM), central memory T cell (TCM), and so

on, where TEM has a rapid-onset effector function, while TCM is incapable of directly exerting an effector function and need to differentiate into

TEM again upon antigen stimulation to participate in the memory response.47 As shown in Figure 4D, the proportions of CD4 TEM (CD4+

CD44+CD62L�), CD4 TCM (CD4+CD44+CD62L+), CD8 TEM (CD8+CD44+CD62L�) andCD8 TCM (CD8+CD44+CD62L+) all showed an increasing

trend in the order of Control, X-ray, DHA, and T-D groups, as well as cytotoxic T cells (CD8+IFN-g+), suggesting that the T-D-treated cell vac-

cine can effectively increase frequency of memory T cells and successfully trigger anti-tumor immune memory in mice. Cytokine secretion is

equally vital during the innate and adaptive immune response. Cytokines have physiological properties such as pleiotropism, redundancy,

synergy, and antagonism, and when combined with the corresponding receptors, they participate in regulatingmany important physiological

functions such as cell growth, differentiation, and immune response, further form a complex cytokine regulatory network.48 CRT can stimulate

DCs to secrete pro-inflammatory IL-6 and TNF-a, among that IL-6 can promote B lymphocytes proliferation and differentiation, and syner-

gistically stimulate T cell proliferation and activation with TFN-a and IFN-g secreted by activated CD4+ cells and CD8+ T cells potentiate

anti-tumor effects.49 So, the level of IL-6, TNF-a, and IFN-g in peripheral blood serum was analyzed by ELISA (Figures 3E–3G). Compared

with other groups, the T-D group showed the highest levels of IL-6, TNF-a, and IFN-g (IL-6: 1.1-, 1.4- and 1.8-fold greater than DHA,

X-ray, and Control groups, respectively; TNF-a: 1.5-, 1.8- and 2.2-fold greater than DHA, X-ray and Control groups, respectively; IFN-g:

1.2-, 1.4- and 1.4-fold greater than DHA, X-ray and Control groups, respectively). These significant differences indicated that the antigen-pre-

senting ability of DCs could be effectively stimulated by the T-D-treated cell vaccine, making DCs secrete high levels of pro-inflammatory

cytokines IL-6 and TFN-a synergistically activated T cells to secrete IFN-g, which further mediated cellular immune responses and eventually

formed an anti-tumor immune environment. Finally, a lung metastasis model was executed to explore the long-term immunological memory

effects of an ICD-induced cancer vaccine. As shown in Figures 4E, S16, and S17, mice vaccinated with T-D-treated cells had fewer tumor me-

tastases in the lungs, and the size and number of lung metastasis tumors were remarkably reduced relative to the other three groups which

agreed well with the results in H&E staining analysis. Altogether, these data demonstrated that the ICD effect evoked by mitochondrial ROS

could augment thematuration of DCs, the proliferation of CD4+ or CD8+ T cells, and the secretion of cytotoxic cytokines, furthering the overall

establishment of a robust anti-metastatic immune system.

Figure 3. Analysis of mature DCs and cytokine level

(A) Representative analytical results of mature DCs by the markers (CD80+ CD86+).

(B) Histogram analysis of mature DCs after the immature DCs were cultured with different treated 4T1 cell vaccines.

(C) IL-6 and (D) TNF-a in DCs suspensions.

(E) IL-6, (F) TNF-a, and (G) INF-g levels in the serum of the mice. Data are presented as mean G S.D. (n = 3), ***p < 0.001, **p < 0.01, and *p < 0.05.
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Tumor prevention effect

To further conclude whether T-D is an ICD inducer, it was determined by the golden standard of vaccination experiments.50 As displayed in

tumor growth curves in Figure 5A, after the inoculation of live 4T1 cells, the tumors of mice in Control, X-ray, and DHA groups showed rapid

growth compared with those in the T-D group, themean tumor volume in the T-D groupwas 519mm3 at day 34, 2.5-, 3.5- and 3.8-fold smaller

than DHA, X-ray, and Control groups, respectively (Figure 5B). T-D-treated cell vaccine exhibited superior antitumor ability with a growth sup-

pression rate of 72.4%. Undoubtedly, the vaccines of DHA-treated cells and X-ray-treated cells failed to suppress the tumor growth as effec-

tively as that of T-D-treated cells, as proved by the final average tumor weight of z0.62 g, z0.56 g, and z0.23 g for X-ray, DHA, and T-D

groups, respectively (Figure 5C). Meanwhile, as shown in Figure 5I, the H&E assay showed the highest cancer necrocytosis and lowest pro-

liferation ability in the T-D groups. Encouragingly, the first mouse death occurred in the T-D group on day 51, while the other three groups all

died before day 44 after rechallenging with live 4T1 cell (Figure 5H). These data revealed that the T-D-treated cell vaccine exhibited good

inhibition of tumor growth, which attributed to the fact that the expression of CRT in cells induced by T-D could effectively elicit an anti-tumor

immune memory effect.

Reviewing the results of the aforementioned experiments, during treatment with mitochondria-targeting T-D, 4T1 cells were induced with

powerful ICD effects and formulated into vaccines that could stimulate adaptive immune responses such as the maturation of DCs and pro-

liferation of CD4+ or CD8+ T cells. Presently, to verify the underlying mechanisms of antitumor immunity described above, a series of immune

cells in lymph nodes and tumor tissues were analyzed. Results in Figures 18 and 5D–5G showed that the increased number of mature DCs,

CD8 TEM (CD8+CD44+CD62L�), and cytotoxic T cells (CD8+IFN-g+), but decreased number of TR cells (CD4+CD25+Foxp3+) T cells in the

group of T-D. Furthermore, the levels of caspase-3 in tumor cells and CD8+ T cell infiltration in tumors were further evaluated with

Figure 4. Analysis of immune cells, cytokine level and anti-metastatic in vivo

(A) Inguinal lymph nodes were harvested to measure the percentage of mature DCs by the markers (CD80+CD86+).

(B) histogram analysis of mature DCs. Data are presented as mean G S.D. (n = 3), ***p < 0.001, **p < 0.01, and *p < 0.05.

(C) T-distributed stochastic neighbor embedding (t-SNE) visualization.

(D) Quantification of different immune T cells in spleen by flow cytometry.

(E) Images of lung tissue from mice in different groups, black dashed lines indicate the sites of lung metastatic nodules. HE staining of lungs, the blue circles

indicate metastatic foci, scale bar = 200 mm.
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immune-fluorescent staining (Figure 5I). Enhanced fluorescent intensity of caspase-3 and CD8+ in the T-D group showed a strong antitumor

immune activity. These results collectively proved that the robust antitumor immune response was developed in tumor owning to long-term

immunememory effects of T-D-treated cell vaccine, naturally, which also indicated that T-D is an excellent ICD inducer with the specific func-

tion of trigging vigorous oxidative stress in mitochondria.

Therapeutic effect of T-D treated cell vaccine combined with anti-PDL1

To further evaluate the efficacy of the T-D-treated cell vaccine, we performed a study in which subcutaneous tumors in mice were treated with

T-D-treated cell vaccine in combination with anti-PDL1. As shown in Figure 6A, tumor growth in mice treated with T-D-treated cell vaccine +

anti-PDL1 was significantly impaired when compared with mice treated with T-D treated cell vaccine or anti-PDL1 alone. In Figure 6B, the

volume of tumors in mice treated with T-D-treated cell vaccine + anti-PDL1 was almost significantly inhibited (615 mm3), which was 3.1-,

2.6- and 1.9-fold lower than that of the Control group (1912 mm3), anti-PDL1 group (1586 mm3) and T-D-treated cell vaccine group

(1149 mm3), respectively. Furthermore, a comparable trend was observed in the analysis of tumor weight (Figure 6C). The tumor weight is

Figure 5. Evaluation of antitumor effect in vivo

(A) Changes of averaged tumor volume after challenge, (n = 10).

(B) Digital photographs and (C) weight of tumors separated from mice after different treatments, (n = 3).

(D) Flow cytometric analyses of the populations of mature DCs (CD80+ CD86+) in inguinal lymph nodes of mice immunized by various vaccine formulations.

(E) Cytotoxic T cells (CD8+IFNg+), (F) CD8 effector T cells (CD8+CD44+CD62L�), and (G) Regulatory cells (TR, CD4
+CD25+Foxp3+) in tumor tissue examined by

flow cytometry.

(H) Cumulative survival curves of tumor mice, (n = 7).

(I) H&E staining of the tumor tissues with different treatments, scale bar = 200 mm. Caspase-3 (red fluorescence) and CD8+ T cells (green fluorescence) in tumor

tissues, scale bar = 50 mm. Data are presented as mean G S.D, ***p < 0.001, **p < 0.01, and *p < 0.05.
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reduced from 1.17 g in the Control group to 0.97 g, 0.76 g, and 0.48 g after treatment with anti-PD-L1 antibody, T-D-treated cell vaccine, and

T-D-treated cell vaccines + anti-PDL1, respectively.

These exciting results prompted us to further evaluate immune cells in the lymph nodes and tumors. As shown in Figure 6D and Figure S19,

the percentage of mature DCs is 23.7% after treatment with T-D-treated cell vaccines + anti-PD-L1 antibody, compared with 7.1% in the Con-

trol group, 16.4% in the T-D-treated cell vaccine group, and 8.6% in the group treated with the anti-PDL1 alone, mirroring that T-D-treated

vaccine could stimulateDCsmaturation. Additionally, CD3+CD8+ T cell infiltration into the tumorwere analyzed (Figure 6E). The ratio of CD8+

T-cells were distinctively upregulated. CD8+ IFN-g+ T cell plays a vital role in killing tumor cells. Of all the groups, the combination group had

the highest proportion of CD8+ IFN-g+ T cells and the lowest proportion of TR cells (CD4
+CD25+Foxp3+) T cells, 14.7%, and 4.9%, respectively

(Figures 6F and 6G).Meanwhile, the favorable therapeutic effect was also verified by PCNA and TUNEL staining of tumor sections, as shown in

Figure 6H. Additionally, there was no significant change in body weight during treatment (Figure S20). The T-D-treated cell vaccine + anti-

PDL1 antibody group exhibited a greater proportion of dead cells in tumor tissues and weaker PCNA signals. These results indicated

apparent tumor cell apoptosis and severely impaired the proliferation of tumor cells. Therefore, T-D-treated cell vaccines could be a prom-

ising ICD-associated vaccine to activate the tumor immune response and boost the therapeutic effect of anti-PD-L1 antibody.

Biosafety of vaccines

During the tumor treatment, the side effects of the vaccines on the mice were directly evaluated by recording the changes in body weight of

each group, as shown in Figure S21, no significant change in the body weight of mice in each group was observed. Additionally, the biosafety

Figure 6. Mice were treated with T-D-treated cell vaccine in combination with anti-PDL1

(A) Average tumor growth curves of mice in different treatment groups, (n = 8).

(B) Tumor images after different treatments. I, Control; II, anti-PDL1; III, T-D-treated vaccine; IV, T-D-treated vaccine+anti-PDL1.

(C) Tumor weights of extracted tumors from different groups, (n = 3).

(D) Quantitative analysis of the proportion of mature DCs in inguinal lymph nodes of mice after different treatments.

(E) CD3+CD8+, (F) CD8+IFNg+, and (G) CD4+CD25+Foxp3+ T cells in tumor sections.

(H) H&E, scale bar = 200 mm, PCNA, and TUNEL-stained tumor slides, scale bar = 50 mm. Data are presented as mean G S.D, ***p < 0.001, **p < 0.01, and

*p < 0.05.
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of the vaccines were assessed. The heart, liver, spleen, kidney, and lung tissues of each group of mice were collected for H&E staining, as

shown in Figure S22, no observable damage to major organs was found by the histomorphological analysis. In addition, the levels of total

white blood cells (WBC), total red blood cells (RBC), hemoglobin content (HGB), red blood cell volume (MCV), red blood cell hemoglobin

concentration (MCHC), and platelets (PLT) in blood samples taken from the Control, X-ray, DHA and T-D groups of mice will be analyzed

for blood routine (Figure S23). No detectable changes in blood biochemical indexes were observed for the tested dose, indicating that these

vaccines have good biosafety in vivo.

DISCUSSION

A mitochondria-targeting dihydroartemisinin derivative TPP-DHA (T-D) was synthesized. T-D accumulation in the mitochondria is a prereq-

uisite for the generation ofmitochondria-localized ROS, which contributed to the good realization of its ICDproperty. Compared toDHA, T-D

was a ROS supergenerator that not merely augments ROS production in mitochondria but also induces a stronger release of immunogenic

DAMPs. In more detail, the superior immunogenicity of T-D is attributed to the activation of the PERK signaling pathway. In vivo, T-D-treated

cell vaccine can efficiently promote DCs maturation, tumor-specific cytotoxic T lymphocyte proliferation, as well as a large-scale release of

proinflammatory cytokines such as IL-6, TNF-a, and IFN-g. Intriguingly, in vaccination assay, the rate of tumor inhibition and survival in

mice confirmed that T-D-treated cell vaccine provokes the body to develop an immune response, form a long-term immune memory, and

have excellent tumor prevention effects. Furthermore, in therapeutic vaccine trials, the combination of T-D-treated cell vaccine and anti-

PDL1 exhibited favorable anti-tumor therapeutic effects, suggesting that T-D-treated cell vaccine activates the immune response, increases

T cell infiltration at the tumor site as well as enhances the tumor killing effect with the assistance of anti-PDL1. Taken together, T-D is a mito-

chondrion ROS-mediated ICD inducer, which provides an approach for the application of artemisinin-based drugs in the ICD field, and we

hope this study will be an inspiration for applying artemisinin analogs to chemo-immunotherapeutic agents.

Limitations of the study

We synthesized a mitochondria-targeted dihydroartemisinin derivative, T-D, and found that it significantly induced immu-nogenic cell death,

and demonstrated that T-D is a immunogenic death inducer by vaccine experiments. Whether better anticancer effects would be obtained if

the treatment was administered by injection has not been explored, and we are in the process of doing this.
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Rabbit anti-mouse CD4 BD Biosciences Cat# 561832; RRID: AB_10893224

Rabbit anti-mouse CD8 BD Biosciences Cat# 553035; RRID: AB_398527

Rabbit anti-mouse CD44 BD Biosciences Cat# 563114; RRID: AB_2738011

Rabbit anti-mouse CD62L BD Biosciences Cat# 564108; RRID: AB_2738597

Rabbit anti-mouse INFg BD Biosciences Cat# 557649: RRID: AB_396766

Rabbit anti-mouse FOXP3 BD Biosciences Cat# 562996: RRID: AB_2737940

Anti-PDL1 BioLegend Cat# 123418: RRID: AB_1953275

Chemicals, peptides, and recombinant proteins

Triphenylphosphine Innochem A37091

5-bromovaleric acid Alfa aesar A11765

Dihydroartemisinin TCI D3793

Dicyclohexylcarbodiimide Aladdin D106074

4-dimethylaminopyridine Aladdin D109207

Acetonitrile Sinopharm 80000608

Dichloromethane Sinopharm 80047318

Critical commercial assays
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ATP Elisa assay Kit MSKBIO N/A

Reactive oxygen Species Assay Kit Genview� GK3611
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Deposited data
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Experimental models: Cell lines
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� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and tumor models

Female mice (BLAB/c, 5 weeks old, 16 to 18 g) were provided by Liaoning changsheng biotechnology Co., Ltd (Liaoning, China) and held

under specific pathogen-free conditions. To build a tumor model, 4T1 cells (13106 cells in 100 mL of PBS) were injected into the right flank

region of mice. All animal experiments involved in this paper were conducted following the Laboratory Animal Guidelines established by

the Wuhan University Animal Center Experiment/A3-Lab, and the study protocols were approved by the Experimental Animal Welfare

and Ethics of the Zhongnan Hospital of Wuhan University (ZN2021232).

Cell culture

Breast cancer 4T1 cells were purchased from the Haixing Biosciences Co., Ltd (Jiangsu, China) and incubated in RPMI 1640 medium which is

addedwith 10% fetal bovine serum (FBS), 1% penicillin, and 1% streptomycin. Cells were placed in an incubator with a humidified atmosphere

containing 5% CO2 at 37
�C.

METHOD DETAILS

Synthesis and characterization of TPPBr-(CH2)4-COOH and TPP-DHA

Triphenylphosphine (1.6 g, 6.1 mmol) and 5-bromovaleric acid (1.0 g, 5.5 mmol) were added to anhydrous acetonitrile (30 mL), and the

resulting mixture was refluxed at 85�C for 24 h. After the reaction was finished, a row product (TPPBr-(CH2)4-COOH) was obtained after

removing acetonitrile by using a vacuum rotary evaporator. The resulting white viscous solid was dissolved in dichloromethane (10 ml),

then the solution was added to cool diethyl ether (200 ml) slowly for stirring and recrystallizing, the white precipitate was collected by

pumping filtration. Repeat this process 2 or 3 times. Afterward, the final product was obtained through vacuum drying as a white solid

with a 66.7% yield.

TPPBr-(CH2)4-COOH (2.84 g, 4 mmol) and 4-dimethylaminopyridine (244.3 mg, 2 mmol) were dissolved in distilled dichloromethane under

ice bath (30 ml), a solution of dicyclohexylcarbodiimide (824.7 mg, 4 mmol) in distilled dichloromethane was slowly dripped into the solutions

described above and kept stirring. To that mixture was added dihydroartemisinin (995.2 mg, 3.5 mmol), and then the reaction was carried out

for 24 h under nitrogen protection. After filtering the reaction solution to remove thewhite suspensions of DCU, a clear solutionwas obtained.

Then a white product (TPP-DHA, T-D) was gained after the filtrate removed dichloromethane by using a vacuum rotary evaporator and

washed with distilled water repeatedly, resulting in a yield of 62% after lyophilized. The structure of TPPBr-(CH2)4-COOH and TPP-DHA

were analyzed by 1H NMR spectrophotometry.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Nuclear magnetic resonance spectrometer Bruker AV II-400 MHz

Microplate reader Molecular Devices Spectra MaxiD3

Fluorescent inverted microscope Leica DMi8

Flow cytometer Beckman coulter Cytoflex V2-B4-R2

Laser scanning confocal microscope Andor Andor Revolution XD
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Cytotoxicity in vitro

4T1 cells were seeded in a 96-well plate at a density of 33103 cells per well and allowed to adhere for 24 h. Cells were then treated respectively

with 100 mL of medium containing equimolar concentration of free DHA and free T-D. After incubation for 48 h, 20 mL thiazolyl blue solution

was added to every well and incubated with cells for 4 h. Then the culture medium in each well was removed completely and dimethyl sulf-

oxide (150 mL) was used to dissolve the formazan crystals generated by living cells. Cells incubatedwith fresh RPMI-1640mediumwere used as

a control. The absorbance at 570 nm was measured by a microplate reader. Cell viability was calculated following the standard method

of MTT.

Apoptosis assay

4T1 cells were planted in 6-well plates at a density of 13105 cells in each well and allowed to adhere for 24 h. Then the original medium in per

well was removed completely and replaced by 2mL of medium containing free DHA (2.5 mM) or free T-D (2.5 mM). After incubation with drugs

for 24 h, the medium was removed and each well was rinsed thoroughly with PBS buffer. Afterward, the cells were stained by Calcein-AM/PI,

followed by analysis using an inverted fluorescence microscope. Moreover, Annexin-FITC/PI double staining test also was chosen to assess

apoptosis. Briefly, Cells were seeded and treated as above, then harvested, and rinsed once with PBS buffer. Subsequently, the cells were

stained with Annexin V-FITC/PI according to the manufacturer’s instructions and then analyzed with flow cytometry.

Intramitochondrial ROS generation

4T1 cells were cultured in glass-bottom dishes (13105 per dish) for 24 h. The previous medium was replaced with a fresh medium containing

DCFH-DA (10 mM). After 30 min incubation, to remove the extracellular DCFH-DA, the cells were rinsed thoroughly with serum-free medium

and treated with culture medium containing free DHA (2.5 mM) or free T-D (2.5 mM) for 6 h, 12 h, 18 h, and 24 h respectively. After treatment,

cells were gently washed with PBS three times and stained with 100 nMMito-trackerRed CMXRos for 15 min at room temperature in the dark.

Subsequently, PBS washed away the unloadedMito-tracker Red probes, and then cells were observed under CLSM using 488 nm and 561 nm

lasers for visualizing ROS generation and mitochondria respectively. Meanwhile, mitochondrial ROS production was quantitatively analyzed

by flow cytometry. In brief, cells were seeded in 6-well plates and treated as above, then harvested and analyzedwith flow cytometry, cells with

no treatment were used as controls.

Evaluation of mitochondrial depolarization

4T1 cells were seeded into glass-bottom dishes (13105 per dish), cultured overnight, and then treated with 2 mL of fresh medium containing

free DHA (2.5 mM) or free T-D (2.5 mM) for 12 h, and 24 h, respectively. Afterward, the cell supernatant was discarded and the cells were stained

with a medium containing 10 mg/mL JC-1 dye for 15 min at 37�C in the dark. After that, the medium was removed, and the cells were rinsed

thoroughly with PBS to remove the unloaded JC-1 probes. Finally, cells were observed under CLSM using 488 nm and 561 nm lasers for visu-

alizing the green fluorescence of J-monomer and the red fluorescence of J-aggregates, respectively. Simultaneously, mitochondrial depo-

larization was quantitatively analyzed. Cells were seeded in 6-well plates and treated as above, then harvested and analyzed with flow cytom-

etry. Cells with no treatment were used as controls.

ICD effects in vitro

4T1 cells were planted in 6-well plates at a density of 13105 cells each well and allowed to adhere for 24 h, and then treated with 2 mL of fresh

medium containing free T-D (0.5 mM, 1 mM, 2 mM, 2.5 mM, 3 mM) for 12 h, and 24 h, respectively. Following the manufacturer’s protocol, cells

were harvested and incubatedwith FITC-labeled anti-mouse calreticulin antibody (dilution 1:1000) for 30min at room temperature in the dark.

After that, cells were rinsed with PBS three times and re-collected by using a centrifuge at 2000 rpm for 5 min, then the calreticulin of the cell

surface was utilized to analyze quantitatively by flow cytometry. Accordingly, for CLSM imaging of the CRT expression, cells were seeded in

glass-bottom dishes and treated with different concentrations of T-D or DHA for 24 h as above. After applying FITC labeled anti-mouse cal-

reticulin antibody and Hochest33342 stain, cells were finally observed by CLSM using 405 nm and 488 nm lasers for visualizing the nucleus and

calreticulin respectively.

After seeded and cultured for 24 h in glass-bottom dishes (13 105 cells per dish) to reach a confluence of 80%, cells were treated with 2mL

of fresh medium containing free DHA (2.5 mM) or free T-D (2.5 mM) for 12 h, the no treated cells were used as a control. After the end of co-

cultivation, the cell supernatant was collected for detection of extracellular released ATP by ELISA according to themanufacturer’s protocols,

three parallel dishes were set for each group. For CLSM imaging of HMGB1, APC labeled anti-mouse HMGB1 antibody (dilution 1:500) was

added to each dish and incubated for 30 min at room temperature in the dark. Then, the cells were washed with PBS and fixed with 4% para-

formaldehyde for 10min. After fixation, the cells were washedwith PBS again and stainedwith Hochest33342 for 8min at room temperature in

the dark, followed by CLSM using 405 nm and 561 nm lasers for visualizing the nucleus and HMGB1 respectively.

Analysis of apoptosis-related proteins

4T1 cells were planted in 6-well plates at a density of 13105 cells each well for 24 h, and then treatedwith culturemedium containing free DHA

(2.5 mM) or free T-D (2.5 mM) for 24 h, the control group cells did not any treatment. Afterward, the cells were harvested and lysed with lysis

buffer at 4�C for 10 min, cell lysate was centrifuged at 12,000 rpm for 5 min and protein content in supernatant was measured using an
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enhanced BCA Protein Assay Kit. The lysates with equal amounts of protein were separated by SDS-PAGE and transferred to PVDF mem-

branes. Membranes were blocked with 5% skim milk for 2 h and then incubated with cleaved caspase-3, p-PERK, PERK and b-Actin antibody

at 4�Covernight, followed by horseradish peroxidase-conjugated secondary antibody treatment for 1 h at room temperature. Finally, the pro-

teins were detected, and the chemiluminescence signals were visualized.

Preparation of tumor cell vaccine

According to the results of the calreticulin induction assay in vitro, T-D, a mitochondria-targeting drug, could induce the highest calreticulin

expression in 4T1 cells after treatment for 24 h at a concentration of 2.5 mM, hence different 4T1 cell vaccines were obtained after treatment

with T-D or non-mitochondria-targeting drug DHA. Briefly, 4T1 cells (13 105 cells) were seeded into 6-well plates and incubated overnight at

37�C, and then treated with T-D (2.5 mM) and DHA (2.5 mM) for 24 h respectively. Afterward, cells treated with T-D, DHA, and no treatments

were collected and all irradiated with X-ray (single-fraction irradiation of 60 Gy) to ensure that the cells were safe as the cell vaccines named

‘‘T-D-treated’’, ‘‘DHA-treated’’ and ‘‘X-ray-treated’’, respectively.

Induction of dendritic cell maturation and detection of cytokine secretion in vitro

Bonemarrow dendritic cells were obtained from the femur and tibia of BALB/c mice. After lysis of erythrocytes, cells were collected by centri-

fugation at 1200 rpm for 5min and cultured in RPMI 1640 containing 10%FBS. The plates were gently shaken every two days, and a 3/4 volume

of medium was replaced and supplemented with cytokines IL-4 (10 ng/mL) and GM-CSF (20 ng/mL) to induce bone marrow cells differenti-

ation into bone marrow dendritic cells (BMDCs). After one week, the suspension cells and the adherent cells were harvested, then cells were

collected by centrifugation at 1200 rpm for 5min, re-suspended, and seeded in six-well plates at a density of 13105 cells/well, while 13105 4T1

vaccine cells from T-D, DHA, and X-ray groups were added to each well, respectively, and PBS was used as a control treatment for 24 h. Then

cells were collected, rinsed with PBS, followed by staining with anti-CD86-PE and anti-CD80-FITC antibodies for 30 min at 4�C, and detected

by flow cytometry. To detect cytokines secreted by dendritic cells after antigen uptake, such as interleukin 6 (IL-6) and tumor necrosis factor

(TNF a). Simultaneously, cell culture supernatants from each of the above groups were collected, diluted to the appropriate ratio and tested

according to the manufacturer’s instructions, three independent samples were set for each group.

Vaccination

The BALB/c mice aged 4–5 weeks were randomly divided into four groups, which were named ‘‘Control’’, ‘‘X-ray’’, ‘‘DHA’’, and ‘‘T-D’’, respec-

tively. The corresponding 4T1 cancer vaccines were subcutaneously inoculated on the left flanks of mice in ‘‘X-ray’’, ‘‘DHA’’ and ‘‘T-D’’ groups,

respectively. PBS was injected as the control. Each dose of vaccine for mice: 23106 cells/mouse. The mice were vaccinated once a week two

times in total and prepared for subsequent experiments.

Immune cells analysis and suppression of tumor metastasis in vivo

One week after the second vaccination of mice in X-ray, DHA, and T-D groups. Subsequently, mice were randomly removed from Control,

X-ray, DHA, and T-D group, and their bloodwas collected by cardiac puncture. Thenmicewere sacrificed, and their inguinal lymph nodes and

spleens were collected.MatureDCs in lymphnodes and T cells in spleenwere analyzedwith flow cytometry. Briefly, lymph nodeswere ground

with the rubber end of a syringe and rinsed with PBS, cells were filtered through nylon mesh filters to harvest the single-cell suspension. Sub-

sequently, cells were collected by centrifugation at 1200 rpm for 5 min and stained with anti-CD11c-APC, anti-CD86-PE, and anti-CD80-FITC

antibodies for 30 min at 4�C, then washed twice with PBS, and analyzed by flow cytometry.

Similarly, the single-cell suspension from spleen was harvested according to the above method. After lysis of erythrocytes, cells were

collected by centrifugation at 1200 rpm for 5 min and cultured in RPMI 1640 complete medium containing GolgiPlug stimulation blocker

for 4 h in a CO2 incubator, followed by incubation with anti-CD16/32 antibody for 10 min at 4�C. Then cells were collected by centrifugation

and resuspended in a medium containing Fixable Viability Stain 700 for 5 min at 4�C. After that, cells were collected and rinsed with PBS,

stained with stain buffer containing anti-CD45-APC-CY7 antibody, anti-CD3-FITC antibody, anti-CD4-PE antibody, anti-CD8-APC antibody,

anti-CD44-BV510 antibody, and CD62L-BV650 antibody. Subsequently, cells were collected and rinsed with PBS again, treated with Fix/Perm

buffer containing anti-IFNg-PE-CY7 antibody for 40 min in the dark, and washed with Perm/Wash buffer. Finally, cells were collected and

analyzed by flow cytometry.

Mice fromControl, X-ray, DHA, and T-D group were injected with 53105 live 4T1 cells through the tail vein. Twoweeks after injection, mice

were sacrificed, and their lungs were collected and analyzed by hematoxylin-eosin (H&E) staining for visualizing the metastatic foci. Simulta-

neously, the levels of immune-related cytokines in blood were evaluated, for instance, IL-6, TNF-a, and IFN-g. Plasma was diluted to the

appropriate ratio and determined by ELISA, three independent samples were set for each group.

Anticancer efficacy

The experiment of vaccination, the gold standard, was used to further identify T-D as an ICD inducer. One week after the second vaccination

of mice in X-ray, DHA, and T-D groups, 13106 live 4T1 cells were subcutaneously injected into the right flank region of the remaining mice

from Control, X-ray, DHA, and T-D groups. Tumor volume (V) and body weight were recorded every few days, and tumor volume was calcu-

lated as follows: (width2 3 length)/2. When the mean tumor volume of the Control group reached 2000 mm3, three mice in each group were
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randomly selected and sacrificed, tumors and inguinal lymph nodes were removed, and heart, liver, spleen, kidney, and lung tissues were

collected for histological and immunohistochemical analyses, and DCs in lymph nodes and immune cells in tumor tissues were analyzed,

as well as survival curves for the remaining mice in each group, experimental procedures refer to the above methods. Tumor inhibitory

rate (TIR) was calculated as follows: TIR (%) = [1- (Vtf - Vti)/(Vpf - Vpi)] 3 100, where Vtf and Vti separately represent the final and initial tumor

volume of the treated group, while Vpf and Vpi separately represent the final and initial tumor volume of the Control group. The mice with

tumor volume reached 2000 mm3 were considered dead and sacrificed.

Therapeutic vaccine research

13106 live 4T1 cells were subcutaneously injected into the left flank region of mice. When the average tumor volume of the mice reached

80mm3, 8 mice in each group were randomly divided into 4 groups, which were namedControl group, Anti-PDL1 group, T-D-treated vaccine

group and T-D-treated vaccine + anti-PDL1 group. The mice were inoculated with T-D-treated cell vaccine (23106 cells/mouse) in the right

flanks and intraperitoneally injectedwith anti-PDL1(1mg/kg) the day after vaccination, a total of two times. Tumor volume (V) and bodyweight

were recorded every three days, and tumor volume was calculated as follows: (width2 3 length)/2. When the mean tumor volume of the Con-

trol group reached 1900 mm3, three mice in each group were randomly selected and sacrificed, tumors and inguinal lymph nodes were

removed, DCs in lymph nodes and immune cells in tumor tissues were analyzed. Experimental procedures refer to the abovemethods. Tumor

inhibitory rate (TIR) was calculated as follows: TIR (%) = [1- (Vtf - Vti)/(Vpf - Vpi)]3 100, where Vtf and Vti separately represent the final and initial

tumor volume of the treated group, while Vpf and Vpi separately represent the final and initial tumor volume of the Control group.

Biosafety assessment in vivo

Healthy mice (non-tumor-bearing mice) inoculated with ‘‘X-ray-treated’’, ‘‘DHA-treated’’, and ‘‘T-D-treated’’ cell vaccines, respectively. Non-

treated mice were used as a control. The mice were vaccinated once a week two times in total, then their blood samples were analyzed by an

automated hematology analyzer for white blood cells (WBC), red blood cells (RBC), hemoglobin content (HGB), red blood cell volume (MCV),

red blood cell hemoglobin concentration (MCHC) and platelets (PLT). Heart, liver, spleen, kidney, and lung tissues from each group of mice

were performed separately to analyze the toxicity of vaccines on major organs.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical comparisons were performed by unpaired Student’s t test or one-way ANOVAwith Tukey’s multiple comparisons test, statistical

significance is displayed as: *p < 0.05; **p < 0.01; ***p < 0.001. All data were expressed as mean G standard deviation (SD).
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