nature nanotechnology

Article

https://doi.org/10.1038/s41565-024-01784-1

A cuproptosis nanocapsule for cancer

radiotherapy

Received: 25 September 2023

Accepted: 8 August 2024 Zhanjun Gu®'?

Published online: 19 September 2024

You Liao ®'?**, Dongmei Wang ®'**, Chenglu Gu'?, Xue Wang'?,
Shuang Zhu®'?, Ziye Zheng?®, Fuquan Zhang?, Junfang Yan®3 1 &

% Check for updates

Residual tumours that persist after radiotherapy often develop acquired

radiation resistance, increasing the risk of recurrence and metastasis while
providing obstacles to re-irradiation. Using samples from patients and
experimental mice, we discovered that FDX1and LIAS, key regulators of
cuproptosis, were up-regulated in residual tumours following radiotherapy,
conferring the increased sensitivity to cuproptosis. Therefore, we proposed
anovel radiosensitization strategy focused on cuproptosis, using a
copper-containing nanocapsule-like polyoxometalate as a paradigm.
Inaninitial demonstration, we showed that the nanocapsule released
copperionsinacontrolled manner upon exposure to ionizing radiation.
Furthermore, radiation-triggered cuproptosis overcame acquired radiation
resistance even at clinically relevant radiation doses and activated arobust
abscopal effect, witha40% cure rate in both radioresistant and re-irradiation
tumour models. Collectively, targeting cuproptosis is a compelling

strategy for addressing acquired radiation resistance, optimizing the

local antitumour effects of radiotherapy while simultaneously activating
systemic antitumour immunity.

Cancer ranks as aleading cause of premature death worldwide, despite
major advances in clinical anti-cancer therapies'. As a clinical therapy
for over a century, radiotherapy has been used for the curative or
palliative treatment of localized tumours or oligometastasis and is
included in the treatment of more than 50% of patients”*. Neverthe-
less, clinically fractionated radiotherapy triggers the development
of acquired radiation resistance in the residual tumours’. Acquired
radiation resistance confers residual tumours with the ability to
escape the effects of radiation therapy, thereby increasing the risk
of locoregional recurrence. Incremental patients with locoregional
recurrent tumours following primary radiotherapy are treated with
ionizing radiation (IR) to a previously irradiated lesion of the body,
commonly referred to as re-irradiation®. Due to the increased radia-
tion resistance of recurrent tumours, high-dose radiation is required

to achieve the desired re-irradiation effect. However, the tolerance
of normal tissues to radiation doses is often limited especially in
cases with an overlapped radiation field or a short interval between
re-irradiation and primary irradiation, which restricts the delivery of
high re-irradiation doses. For instance, a considerable percentage of
breast cancer patients, exceeding 50%, manifest acute toxicity reactions
following re-irradiation’; up to 21% of lung cancer patients experience
severe lung toxicity, often presenting as radiation pneumonitis, requir-
ing oxygen supply or respiratory support, following re-irradiation®.
Inlocal recurrent gliomas, re-irradiation may lead to elevated rates
of toxicity occurrence and more severe adverse reactions, including
necrosis, cognitive disorder and secondary malignancies’. Thus, the
mismatch between the acquired radioresistance of tumours and the
radiationtolerance limits of adjacent normal tissues or organs severely
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restricts the clinical benefits for patients undergoing re-irradiation.
Despite enormous effort in advances of precise radiation techniques
suchasintensity-modulated radiotherapy'®, volumetric-modulated arc
therapy" or brachytherapy’, the development of radiation sensitiza-
tion strategies for tumours with acquired radioresistance remains a
daunting challenge.

The clinical mission of radiotherapy is to prevent the prolifera-
tion of tumour cells and initiate their death®*'*. The emergence of
newly identified cell death mechanisms presents opportunities for
the development of advanced radiation sensitization approaches. For
example, the clarification of necroptosis®, autophagy'®, ferroptosis”,
pyroptosis'® and other emerging cell death mechanisms has pro-
vided new insights into radiation sensitization. Cuproptosis, a
copper-dependent cell death, is a newly identified mechanism of
programmed death characterized by the dysregulation of copper
metabolism within cells*. Exploring new radiation sensitization strat-
egies based on cuproptosis mechanisms holds promise for address-
ing the challenges of the tumour that has acquired radioresistance.
Here we describe the discovery of cuproptosis-oriented radiosen-
sitizing potential that is diversely erected in the residual lesion of
both human and experimental tumours post-primary radiotherapy,
involving the up-regulation of ferredoxin 1 (FDX1) and lipoyl synthase
(LIAS) proteins. Cuproptosis occurs via proteotoxic stressinduced by
copper-promoted aggregation of lipoylated proteins and instability of
Fe-Scluster proteinsin the tricarboxylicacid (TCA) cycle’*”. Mechanis-
tically, both FDX1and LIAS play key roles in promoting cuproptosis®.
First, as key regulators of protein lipoylation, FDX1and LIAS participate
in the regulation of protein lipoylation including dihydrolipoamide
S-acetyltransferase (DLAT). The lipoylated proteins directly bind to
copper ions and form the oligomers. Second, FDX1 reduces Cu** to
the more cytotoxic Cu’, leading to the destabilization of Fe-S cluster
proteins. Notably, these clues highlight that up-regulated FDX1 and
LIAS in residual tumours following primary radiotherapy strongly
predictincreased sensitivity to cuproptosis, providing an opportunity
to overcome the radiation resistance of residual tumours following
primary radiotherapy.

Here we sought to propose a cuproptosis-oriented radio-
sensitization strategy for challenging radioresistant tumours. To
test this idea, the copper-containing sandwich polyoxometalate
Na,o[(PW,05,),Cu,(H,0),]-18H,0 (PWCu) was designed as controlled
copper nanocapsules. The nanocapsule-like structure was formed by
two B-a-isomeric [PW,0,,]°” polyoxoanions and four coplanar CuO,
octahedraencapsulated between them, where the CuO, octahedrawith
ultra-high specific surface area were readily reduced by reductive prod-
ucts of water radiolysis. When activated by X-ray irradiation, precisely
released Cu*ions fromthe nanocapsule bind directly to thelipoylated
proteins of the TCA cycle, resulting in cuproptosis characterized by
Fe-Scluster protein loss and lipoylated protein aggregation. We found
thatradiation-triggered cuproptosis mediated by this copper nanocap-
sule could reverse radiation resistance and strengthen the abscopal
effect in metastatic tumours viaimproving tumour immunogenicity.
Asaresult, the cuproptosis nanocapsules achieved striking therapeu-
tic efficacy on both local tumours and distant metastases in acquired
radioresistant murine breast 4T1-R (R denotes radioresistance) and
re-irradiation4T1tumour models. Our cuproptosis-oriented radiosen-
sitizer based on copper-containing nanocapsule-like polyoxometalate
is therefore a promising drug candidate for re-irradiation; our appli-
cation of this strategy indicates that cuproptosis can induce robust
antitumour immunity to optimize the abscopal effects of radiotherapy.

Results

Up-regulation of FDX1 and LIAS in cancer cell post-radiation
Excessive copper ions interacting with lipoylated proteins of the TCA
cycletrigger cuproptosis, with FDX1and LIAS regulating protein lipoyla-
tion and indicating susceptibility to cuproptosis***. To investigate

cuproptosis-related features in residual tumours post-fractionated
irradiation, we assessed FDX1 and LIAS expression in clinical human
cervical carcinoma (CCA) lesions before and after external beam radia-
tiontherapy (Supplementary Fig.1). Interestingly, FDX1and LIAS were
up-regulated in residual human CCA lesions following external beam
radiation therapy of 1.8 Gy x 20 (Fig.1a,b). To further substantiate the
up-regulation of FDX1 and LIAS in tumours following fractionated
irradiation, we simulated the process of fractionated irradiation in
mouse tumour models (Supplementary Fig. 2a). Following an initial
fractionatedirradiation of 4 Gy x 5, subsequentre-irradiation of 2 Gy x 3
was ineffective in suppressing residual CT26 tumours (Supplementary
Fig.2),indicatingacquired radioresistance inthese tumours. Thelocal
recurrent tumour model following fractionated irradiation canserve as
aresearchplatformforre-irradiation. Next, we evaluated the expression
of FDX1and LIAS in experimental cognate mouse tumours (4T1, CT26,
B16-F10 and Hepa 1-6) and mice-bearing xenografted human tumours
(HeLa, A549, MDA-MB-231and HCT116) pre- and post-fractionated irra-
diation (Extended Data Fig. 1a). Consistently, the expression levels of
FDX1andLIASintheseresidual tumoursweresignificantly up-regulated
after fractionated irradiation of 4 Gy x 5 (Fig. 1c,d and Extended Data
Fig.1b-d). Therefore, we hypothesized that cancer cells with acquired
radioresistance might exhibit heightened sensitivity to cuproptosis. To
test thisidea, we constructed radioresistant cell lines through continu-
ous fractionated irradiation to gather cell-level clues (Fig. 1e)**. Cell
lines irradiated with 2 Gy x 20 exhibited acquired radioresistance, as
evidenced by increased clonogenic survival compared to their parental
cells (Fig.1f)*. Consistent with residual tumours, the radiation-resistant
cells exhibited increased expression of FDX1 and LIAS, predicting a
heightened sensitivity to cuproptosis (Fig. 1g). To validate this, we
assessed the cuproptosis sensitivity indicated by the cytotoxicity of
the elesclomol-Cu pulse treatment, a standard cuproptosis induc-
tion method?. Also of interest, radiation-resistant cells exhibited
increased susceptibility to cuproptosis compared to their parental
cells (Fig. 1h). These findings offer initial insights into the potential
relationship between acquired radioresistance and the susceptibility
of residual tumoursto cuproptosis following fractionated irradiation.

Preparation and characterization of PWCu nanocapsules

Given the findings described above, we hypothesized that precise
induction of cuproptosis could be a viable strategy to improve the
therapeutic effectiveness of radiotherapy in radiation-resistant
tumour cells. As proof of concept, the copper-containing polyoxo-
metalate PWCu was synthesized from CuCl,-2H,0 and thermalized
NagHPW,0,,-19H,0 (PW,) in a mildly heated aqueous solution (Sup-
plementary Fig. 3a). Using this straightforward synthesis method, a
single batch yielded up to several hundred grams (286.1 g) of PWCu
polyoxometalate (Supplementary Fig. 3b). This large-scale synthesis is
beneficial for potential clinical translation*. The PWCu polyoxometa-
late was a triclinic structure with a P1 space group, as confirmed by
X-ray single-crystal diffraction analysis (Supplementary Table1). The
nanocapsule-like structure of the [(PW,05,),Cu,(H,0),]°" polyoxoan-
ion consisted of two B-a-isomeric PW, polyoxoanions with four copla-
nar CuO4 octahedra positioned between them, exhibiting ultra-small
particle sizes of 1-1.6 nm (Fig. 2a and Supplementary Fig. 3¢). Fur-
thermore, PWCu nanocapsules were readily soluble in various aque-
ous solutions, indicating their potential for effective biological use
(Supplementary Fig. 3g). Importantly, the ultra-small size and unique
nanocapsule-like structure of PWCu enabled an ultra-high exposure
rate of the CuO4 octahedra. In the PWCu nanocapsule, the chemi-
cal valence of Cu was identified as +2 from the X-ray photoelectron
spectrum, whereas the Cu? ions could accept electrons and undergo
areduction reaction due to the relatively low reduction potential of
Cu*/Cu* of 0.16 V versus a standard hydrogen electrode (Supple-
mentary Fig. 3d-f)”. In radiotherapy, IR can induce the radiolysis
of water in the physiological environment, generating a substantial
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Fig.1| Up-regulation of FDX1and LIAS in tumour cells after X-ray irradiation.
a, Schematicillustration of CCA patients treated by external beam radiation
therapy (EBRT) and representative confocal images (scale bars, 50 um) of
human CCA lesions (green, FDX1; red, LIAS; blue, nuclei; DAPI, 4’,6-diamidino-
2-phenylindole). b, Normalized fluorescence signals of FDX1and LIAS; n=8
independent CCA patients. ¢, Confocal images (scale bar, 50 pm) of tumours
from mouse models before and after X-ray irradiation (green, FDX1; red, LIAS;
blue, nuclei). d, Normalized fluorescence signals of FDX1and LIAS (n = 4 mice for
unirradiated 4T1tumours; n = 4 mice forirradiated 4T1tumours; n =4 mice for
unirradiated B16-F10 tumours; n = 3 mice for irradiated B16-F10 tumours; n =4
mice for unirradiated A549 tumours; n =4 mice for irradiated A549 tumours;

n=4mice for unirradiated HCT116 tumours; n = 5mice for irradiated HCT116
tumours). e, Schematic representation of the experimental set-up used to

obtain radioresistant cells by fractionated radiotherapy (2 Gy per fraction).

f, Clonogenic survival of parental and radioresistant cells; n = 3 biological
replicates. g, Immunoblot analysis of FDX1and LIAS expressions in parental (-)
and radioresistant (R) cells. h, Cuproptosis sensitivity (cell killing efficacy) of
cells to elesclomol-Cu pulse treatment; n = 6 biological replicates.Ind, fand h,
dataare represented as mean + standard deviation (s.d.). P values were calculated
by two-tailed paired t-test (b) and two-tailed unpaired ¢-test (d, fat 8 Gy and h).
Panels aand e created with BioRender.com.
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Fig. 2| Characterization of PWCu nanocapsules. a, Structure of PWCu
nanocapsules (left) and four coplanar CuO, octahedra (right). b, Schematic
diagramillustrating the reaction between PWCu nanocapsules and water
radiolysis products such as hydrated electrons (e",,), leading to the release of Cu”
ions. G-value, radiation chemical yield. ¢, Cu K-edge X-ray absorption near edge
structure (XANES) profiles of IR-irradiated PWCu, PWCu, Cu,0 and CuO. g, the
absorption coefficient; £, X-ray energy; Al, the absorption edge; A2, the white
line peak. d, IR-triggered Cu® ion release from PWCu nanocapsules detected by

the specific agent neocuproine; n =3 independent experiments. e, Normalized
concentration of Cu*ions released from PWCu nanocapsules treated with

KNO;, (e, quencher) or NaAc (hydroxyl radical quencher) after IR irradiation,
respectively, normalized to the standard phosphate-buffered saline (PBS); n=3
independent experiments. Dataind and e are represented as mean + s.d. Pvalues
were calculated by one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test (e). Panel b created with BioRender.com.

quantity of radiolysis products such as hydrogen atoms (<H), hydroxyl
radicals (+OH) and hydrated electrons (e",,). Inthis case, e, has high
reactivity with a reduction potential at -2.87 V versus the standard
hydrogen electrode®*°. Therefore, the CuO, octahedra within PWCu
nanocapsules could exhibit high reactivity with the radiolysis product
of water, enabling the radiation-controlled release of copper ions
(Fig.2b). Totest thisidea, we used asynchrotron-radiation-based X-ray
absorption fine structure (XAFS) technique to examine alterationsin
the chemical valence of Cuwithin the nanocapsules in solution follow-
ing X-ray irradiation. Notably, the absorption edge (A1) and the white
line peak (A2) shifted towards the reduced Cu’ species, indicating a
reaction between the initial Cu?**and the reductive radiolysis product
(Fig. 2c). Furthermore, the controlled release of Cu*ions from PWCu
nanocapsules upon IR exposure was validated using neocuproine, a
specific reagent for Cu* detection (Supplementary Fig. 4)***'*2. The
PWCu nanocapsule exhibited a linear increase in the generation of
Cu'ionswithIR doses (Fig. 2d and Supplementary Fig. 4c). To verify
the mechanism of radiation-induced conversion of Cu®* to Cu*, the
quenchagents for «OH (sodium acetate (NaAc)) and e”,, (KNO,) were
incubated with PWCu during IR irradiation. In comparison with the
controlgroup, the addition of NaAc promoted the production of Cu*
ions. This can be attributed to the quenching of the oxidizing radi-
olysis product «OH by NaAc, promoting the production of extrae’,,
(ref. 30). By contrast, the addition of KNO; significantly restrained
the generation of Cu*ions (Fig. 2e). These results demonstrate the

controlled release of Cu®ions from PWCu nanocapsules upon IR irra-
diation, providing a promising option for the precise induction of
copper-dependent cell death.

PWCu-mediated radiosensitization and mechanisms in vitro

Before examining the radiosensitization, the acute cytotoxicity and
cellularinternalization of PWCu nanocapsules were evaluated. No cyto-
toxicity was observed in several human normal tissue cell lines dosed
with PWCu nanocapsules (Supplementary Fig. 5a). PWCu nanocapsules
exhibited higher cellular internalization compared to CuCl, (Supple-
mentary Fig. 5b). Next, radiation-triggered intracellular release of Cu®
ions from PWCu nanocapsules was confirmed by the Coppersensor-1
probe, which emitted fluorescence upon binding specifically to Cu*ions
(Fig.3a). By contrast, standalone PWCu nanocapsules or IR irradiation
did not increase the intracellular Cu® level (Supplementary Fig. 5¢,d).
Subsequently, we confirmed the radiosensitization of PWCu nanocap-
sules.Both PW,and CuCl,, the raw components of PWCu nanocapsules,
exhibited negligibleimpact on cytotoxicity under radiation exposure.
By contrast, PWCu nanocapsules showed concentration-dependent
cytotoxicity witha half-maximalinhibitory concentration (IC,,) value
0f1.02 pM uponradiation exposure (Fig. 3b). Furthermore, PWCu dem-
onstrated a potent anti-proliferation ability evaluated by clonogenic
survival assays under radiation exposure with aradiation enhancement
factor of 1.88, whereas PW, or CuCl, did not (Fig. 3¢). These results
suggest that PWCu nanocapsules can release cytotoxic Cu*ionsina
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radiation-controlled manner within cancer cells, thereby achieving
radiation sensitization.

Next, the mechanism of PWCu-mediated radiosensitization
was investigated. Diverse cell death inhibitors—including the fer-
roptosis inhibitor ferrostatin-1 (Fer-1) and deferoxamine mesylate
(DFOM), the oxidative stress inhibitor N-acetyl cysteine (NAC),
the apoptosis inhibitors carbobenzoxy-valyl-alanyl-aspartyl-
[O-methyl]-fluoromethylketone (Z-VAD-FMK) and methyl 5-fluoro-3
-[(2-methylpropan-2-yl)oxycarbonylamino]-4-oxopentanoate
(Boc-D-FMK) and the necroptosis inhibitor necrostatin-1(Nec-1)—pre-
sented no rescue effects on PWCu-induced cell death upon IR irradia-
tion (Fig. 3d)****. By contrast, the copper chelator tetrathiomolybdate
(TTM) reversed the cell death, suggesting that cuproptosis was the
dominant form of cell death (Fig. 3d)*****. Furthermore, TTM reversed
the decrease in clonogenic survival caused by PWCu plus IR treat-
ment (Fig. 3e,f). These results demonstrate that the combination of
PWCu and IR induces cuproptosis in cancer cells, rather than other
forms of programmed cell death (Fig. 3g)*°. Encouraged by the precise
induction of cuproptosis, we explored the radiosensitizing potential
of PWCu nanocapsules in radiation-resistant tumour cells. Interest-
ingly, PWCu nanocapsules demonstrated potent cytotoxicity against
radiation-resistant tumour cells evenatalow IR dose of 2 Gy (Fig. 3h,i).
Takentogether, PWCu nanocapsules can precisely induce cuproptosis
under IRirradiation, overcoming the acquired radioresistance.

Subsequently, we evaluated the nature of the cell death of dying
radiation-resistant tumour cellsinduced by PWCu nanocapsules under
IR exposure. Considering that cuproptosis primarily affects the TCA
cycle in the mitochondrial respiratory process, we first evaluated
whether PWCu plus IR treatment caused mitochondrial damage®%.
PWCu or IR alone did not significantly reduce the mitochondrial mem-
brane potential as indicated by tetramethylrhodamine, ethyl ester
(TMRE) fluorescence, while PWCu plus IR caused significant mito-
chondrial damage that could be reversed by TTM (Supplementary
Figs. 6a,band 7)*. Furthermore, mitochondrial shrinkage and reduced
cristae, indicative of substantial damage, were observed in cells follow-
ing PWCu plus IR treatment (Fig. 4a,b and Supplementary Fig. 6c,d).
Consistently, the spare respiratory capacity was markedly decreased
after the PWCu plus IR treatment, implying severe disruption of the
mitochondrial TCA cycle (Supplementary Fig. 8). Next, we evaluated
the expression of cuproptosis-related proteins after different treat-
ments. Consistent with the cuproptosis-positive group (elesclomol-
Cu), PWCu plusIRtreatmentinduced DLAT aggregation (Fig.4c,d and
Supplementary Fig. 9), loss of lipoylated TCA cycle proteins lip-DLAT
andlip-DLST (Supplementary Fig.10), down-regulation of Fe-S cluster
proteins (Fig.4e and Supplementary Fig.10) and increased heat shock
protein 70 protein (HSP70) levels (Fig. 4¢)***°~*2, By contrast, PWCu
or IRalone did not elicit the cuproptosis-associated changes. Indeed,
HSP70isimplicated inimmunogenic cell death and may stimulate anti-
tumourimmuneresponses* ¥, Inspired by this observation, we investi-
gated other damage-associated molecular patterns (DAMPs) including
calreticulin (CRT) and high mobility group box 1 (HMGBI1) in tumour
cells treated with PWCu plus IR. Notably, we detected significant CRT
exposure and HMGBI1 release in tumour cells treated with PWCu plus
IR (Fig. 4f-j). These results indicate that cuproptosis induced by PWCu
nanocapsules plus IR is accompanied by DAMP release, potentially
enhancing antitumour immunity (Fig. 4k).

PWCu-mediated radiosensitization and immune activation

Prior to assessing radiosensitization efficacy in vivo, the biocompat-
ibility of PWCu nanocapsules was validated in BALB/c mice via daily
intravenousinjections with three doses, with stable body weights and
haematological parameters (Supplementary Fig. 11)***”. No major
organ damage was observed (Supplementary Fig. 12). The negligi-
ble haemolysis rate substantiated the suitability of PWCu nanocap-
sules for injectable drug administration (Supplementary Fig. 13).

Given the localized nature of radiotherapy, we administered
PWCu nanocapsules via intratumoural injection. Following the intra-
tumoural injection, PWCu nanocapsules demonstrated a favourable
spatial distribution (Extended Data Fig. 2). Importantly, PWCu plusIR
treatment did not adversely affect body weights or haematological
parameters (Supplementary Fig. 14). Furthermore, Cuwas excretable
viafaeces, did not accumulate in normal tissues and had negligible side
effects (Supplementary Figs.15and 16).

Next, we constructed a radiation-resistant tumour model by
implanting 4T1-R cells (Supplementary Fig.17a). In the 4T1-R tumour
model, 2 Gy x 3IRresulted in a13% tumour growth inhibition rate, sig-
nificantly lower thanthe 46% tumour growthinhibitionrateinthe 4T1
tumour model (P=0.0058; Fig. 5a,b and Supplementary Fig. 17b-d),
indicating the acquired radioresistance in 4T1-R tumours. Consist-
ent with the aforementioned results (Fig. 1), FDX1 and LIAS were sig-
nificantly up-regulated in radiation-resistant tumours, indicating
heightened cuproptosis susceptibility (Fig. 5c,d). We further assessed
the radiosensitization and the antitumour immune effects of PWCu
nanocapsules in the bilateral flank 4T1-R tumour model (Fig. 5e).
Local PWCu nanocapsule injection followed by low-dose IR irradia-
tionresulted in complete elimination of the treated primary tumours
(Fig. 5f,g). This potent local radiosensitization was further validated
inthe orthotopic 4T1-R tumour model (Extended Data Fig. 3a). Nota-
bly, PWCu nanocapsules demonstrated superior radiosensitizing
effects over the representative HfO, nano-radioenhancer, highlighting
the potential of cuproptosis-based radiosensitizers (Extended Data
Fig.3b-e). Furthermore, PWCu plus IR treatment induced the regres-
sionorelimination of the untreated distant tumours, contrasting with
the negligibleimpact of IR alone onboth distant and primary tumours
(Fig. 5f,g). To assess adaptive immune activation, CD8" T cell deple-
tion with aCD8 antibody was performed concurrently with the PWCu
plusIR treatment*®, The aCD8 treatment led to the loss of antitumour
efficacy in primary tumours and the absence of the abscopal effect in
distant tumours, verifying the adaptive antitumourimmunity activated
by the PWCu plus IR treatment (Fig. 5f,g). Next, we analysed the cell
death characteristics in primary tumours and theimmune infiltration
indistant tumours. The PWCu plus IR treatment induced cuproptosis
inthe primary tumour, with characteristics of DLAT aggregation, loss
oflipoylated proteinslip-DLAT and lip-DLST and the down-regulation
of Fe-Scluster proteins (Supplementary Figs. 18 and 19). Importantly,
the PWCu plus IR treatment significantly elevated the DAMP levels in
primary tumours, with HSP70 up-regulation, CRT exposure and HMGB1
release (Supplementary Fig. 20). These elevated DAMPs accompa-
nied by cuproptosis could potentially activate adaptive immunity and
promote the abscopal effect in tumours outside the radiation field*.
Indeed, PWCu plus IR treatment significantly increased the infiltra-
tion of CD4" T cells (4.14-fold) and interferon-y* (IFNy*) CD8" T cells
(6.25-fold) in the distant tumour compared to IR alone (Fig. 5h,i and
Supplementary Fig. 21). Conversely, aCD8 treatment significantly
reduced CD4" T celland IFNy" CD8'T cellinfiltration compared to the
combination of PWCu and IR (Fig. 5h,i and Supplementary Fig. 21).
These data support the idea that cuproptosis nanocapsules can sen-
sitize acquired radioresistant tumours to radiotherapy and elicit a
potentadaptiveimmune responsein distant, non-irradiated tumours.

Enhanced re-irradiation and anti-metastasis by PWCu

Next, arecurrent4T1tumour model post-primaryirradiation was con-
structed to evaluate the efficacy of re-irradiation sensitization (Fig. 6a).
The4T1tumours with a therapeutic starting point of ~200 mm?® on day
16 were gradually reduced after primary irradiation of 8 Gy x 4 and
recurred to ~200 mm®on day 36. Prior to re-irradiation, areconfirma-
tionwas obtained regarding the significant up-regulation of FDX1and
LIAS expression in recurrent tumours (Fig. 6b,c). Encouraged by this,
we proceeded with the re-irradiation experiment. Interestingly, the
combination of PWCu and IR led to an increase in the body weight of
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mice following re-irradiation, while the treatment of IR alone did not
(Fig. 6d). This suggests that PWCu plus IR treatment improved the
survival quality of mice. Furthermore, local PWCuinjection followed by
low-dosere-irradiation of 2 Gy x 3 led to significant tumour regression
(Fig. 6e and Supplementary Fig. 22). Due to the potent radiosensitizing

effect, PWCu plus IR treatment prolonged the median survival time to
90 days, from 56 days for PWCu or IR alone, with complete responses
in 40% of mice (Fig. 6f). In addition, PWCu plus IR treatment elicited
arobustimmune response that significantly inhibited spontaneous
lung metastasis, whereas PWCu or IR alone did not (Fig. 6g,h and
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Fig. 5| Radiosensitization and antitumour immunity mediated by PWCu
onradiation-resistant tumours. a, Tumour growth monitored in4T1and
4T1-R tumour modelsirradiated by 2 Gy x 3IR; n = 6 mice; NS, not significant.

b, Box plots showing tumour growth inhibition (TGI) rates of 2 Gy x 3IRon 4T1
and4T1-R tumours; n = 6 mice. ¢, Representative confocal images of 4T1and
4T1-Rtumours (scale bar, 25 pm). d, Fluorescence intensity of FDX1and LIAS
signalsin c; n = 6 mice. Panels c and d share colour indication. e, Study design of
PWCu-mediated radiosensitization on the bilateral flank 4T1-R tumour model.
i.t., intratumoural injection; i.p., intraperitoneal injection. f,g, Tumour growth

monitored in the bilateral flank 4T1-R tumour model; n =10 tumours.

CR, complete response. h, Confocal immunofluorescence images of distant
tumour tissues excised on day 21 and stained with the indicated antibodies
(scalebar, 25 pm). i, Quantitation of CD4" and IFNy" CD8' T cellsinh;n=3
tumours. Panels handishare colourindication. Dataina,d, gandiare
represented as mean +s.d. Datain b are represented as box and whiskers

(centre line, median; box limits, 25th and 75th percentiles; whiskers, minimum
and maximum). Pvalues were calculated by two-tailed unpaired ¢-test (a,band d)
and one-way ANOVA followed by Tukey’s multiple comparison test (g and i).

Supplementary Fig. 23). Consistently, PWCu plus IR treatment sig-
nificantly increased CD8" cytotoxic T lymphocyte (CTL) infiltration
inthe pulmonary metastasis compared to PWCu or IR alone (Fig. 6i,j).
These results suggest that the cuproptosis nanocapsule can sensi-
tize acquired radiation-resistant tumours to re-irradiation and elicit
arobust anti-metastasis immune response.

Discussion
Our data suggest a potential therapeutic target in residual cancer
cells with acquired resistance to radiation therapy, which show

up-regulation of cuproptosis key regulatory proteins (FDX1 and
LIAS), conferring increased susceptibility to cuproptosis. To validate
the concept, we synthesized a copper-containing polyoxometalate,
PWCu, as a controllable cuproptosis-targeting sensitizer for radio-
therapy. IRirradiation facilitates the reduction of Cu®* to Cu* through
reductive radiolysis species such as e",,, controlling the release of
Cu'ions from the capsule-like structure of PWCu. In acquired radi-
oresistant cancer cells with increased susceptibility to cuproptosis,
these precisely released Cu®ions activate the intracellular cuprop-
tosis signalling pathway, featured by the aggregation of DLAT and
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down-regulation of Fe-S cluster proteins, thereby inducing tumour
cell death due to protein toxicity stress?’. This cuproptosis-targeting
sensitization strategy potently overcomes acquired radioresistance
in both acquired radioresistant 4T1-R tumours and recurrent 4T1
tumours after primary radiotherapy.

In clinical practice, managing metastatic tumours effectively is
essential for prolonging the survival time of patients***°. While induc-
ing abscopal effects viaradiotherapy is beneficial to manage metastatic
lesions, the response rate iscompromised by radioresistance and low
immunogenicity of tumours in patients undergoing re-irradiation**"*,
Notably, our findings demonstrate that PWCu-mediated radiosen-
sitization can effectively trigger immunogenic cuproptosis with
increased DAMP levels in the treated tumours and promote CD8* CTL
infiltration in untreated distant tumours. Given the immune activa-
tion potential of cuproptosis, future research can investigate the
potential synergies between cuproptosis-targeting radiotherapy and
immunotherapy.

Identification of the cell-death-related features of acquired radi-
oresistant tumours not only advances our preliminary understanding
ofradioresistance butalso provides fresh sensitization perspectives for
re-irradiation. Leveraging our preliminary understanding of cuprop-
tosis susceptibility in acquired radioresistant tumours, as elucidated
in this study, we showed that the induction of cuproptosis mediated
by copper-containing radiosensitizers might be a potent therapeutic
strategy for challenging acquired radioresistant tumours, which fre-
quently occur after fractionated radiotherapy. Potentially, our work can
facilitate precision radiotherapy with an augmented abscopal effect,
thereby improving the re-irradiation outcomes of cancer patients who
suffer from metastasis.
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Methods

Irradiator settings

A uRT-linac 506c (Shanghai United Imaging Healthcare), Ethos
(Varian Medical Systems), TrueBeam (Varian Medical Systems) and
Halcyon (Varian Medical Systems) were used for external beam
radiation therapy in patients with cervical cancer. The MultiRad 160
irradiator (Precision X-ray) was used for the treatment of solutions,
cells and experimental animals. The MultiRad 160 irradiator was set
at160 kVand 15 mA.

Reagents, cell lines and animals

The chemical reagents are listed in Supplementary Table 2. The A549,
HeLa, HCT116, MDA-MB-231, 143B, HaCaT, B16-F10, 4T1 and CT26 cell
lines were obtained from the Cell Resource Center, Peking Union
Medical College. The BEAS-2B (BNCC359274), NCM-460 (BNCC339288)
and HK-2 (BNCC339833) cell lines were obtained from the BeNa Culture
Collection. The AC16 (CTCC-003-0014), Hepa 1-6 (CTCC-400-0322)
and HUVEC (CTCC-0804-PC) cell lines were obtained from Zhejiang
Meisen Cell Technology. The radioresistant cell lines4T1-R, B16-F10-R,
A549-Rand HCT116-R were obtained through fractionated irradiation.
When the cell fusion reached 80%, they were irradiated with 2 Gy and
then passaged the next day. This process was repeated for a total of 20
consecutiveirradiations. The expression of FDX1and LIAS proteins was
assessed in the radioresistant cell lines 4T1-R, B16-F10-R, A549-R and
HCT116-R constructed in this study, as well asin their parental cell lines
4T1, B16-F10, A549 and HCT116, using western blot analysis. C57BL/J,
BALB/c and BALB/c-nu female mice (6-8 weeks) were obtained from
SPF Biotechnology Co. The tumour volume of mice was calculated
using the following formula: (a x b*)/2, where a is the longest and b
is the shortest length. The maximum tumour burden approved was
2 cm?. The animal study protocol was approved by the Ethics Commit-
tee of the Institute of High Energy Physics and Peking Union Medical
College Hospital.

Patient samples

Human cervical cancer tissues were collected from eight patients
before and after external beam radiation therapy of 1.8 Gy x 20 at
Peking Union Medical College Hospital. Permission to use the patient’s
cervical cancer tissue for this study was approved by the Ethics Com-
mittee, Peking Union Medical College Hospital (no. HS-2554). Informed
consent was obtained fromall participants. The collected tissues were
fixed, embeddedin 4% paraffin and then subjected to standard immu-
nofluorescence staining after sectioning. Finally, the cells were visual-
ized using a confocal microscope.

Preparation of PWCu nanoclusters

First, 600 g Na,WO,-2H,0, 740 ml water, 15 ml of 85% H,PO, and
110 ml glacial acetic acid were mixed and stirred. Then, a white
precipitate was obtained by filtration. After drying at room tem-
perature, the white powder was dried at 140 °C for 6 h to acquire
A-NagHPW,0,,-19H,0 powder. Next, 62 g of CuCl,-2H,0 was dissolved
inwater (1,200 ml). The pale blue solution was stirred at room tem-
perature while adding 500 g of PW, powder until all the PW, powder
dissolved. Then, 51.5 g NaCl was added to the solution, resulting in
thelight greensolid precipitate. The mixture was stirred for 10 min
and heated in hot (60 °C) water until most of the solid precipitate
redissolved. The solution was centrifuged for approximately 5 min
to remove small blue suspensions. The supernatant was decanted
and crystallized at room temperature. The crystals were collected
by filtration and washed with ice water. Finally, the PWCu crystals
were air-dried at room temperature for subsequent storage and
use. The dried PWCu crystals were stored in powder form at room
temperature. Prior to use, the stored PWCu powder was reconsti-
tuted asasolution andsterilized through a 0.22 pm sterilizing-grade
filter membrane.

Radiation-induced Cu’ release from PWCu

The change in the oxidation state of Cuin solution before and after IR
irradiation was detected using a synchrotron-radiation-based XAFS
technique. The XAFS spectra of the Cu K edge were measured at the
XAFS station of beamline 1W1B of the Beijing Synchrotron Radiation
Facility. After irradiation with 0 or 30 Gy of X-rays (MultiRad 160 irradia-
tor), XAFS spectra of the Cu K edge of PWCu-containing PBS solution
(50 mg ml™) were immediately collected. XANES spectra of the Cu K
edge were used to analyse the changes in the oxidation state of Cu.
CuO and Cu,0 were used as references.

Different concentrations of CuCl, solution were mixed with the
neocuproine reagent, followed by the addition of hydroxylamine
hydrochloride. Aftera5 minreaction, the absorbance of the mixed solu-
tion at 457 nm was detected. The standard curve was constructed by
plotting the Cu’ concentration against the absorbance of neocuproine
reagent. The generation of Cu’ in a PWCu-containing PBS solution
(1mg ml™?) was detected using the neocuproine reagent (final concen-
tration, 0.5 mM) at different radiation doses from 0 to 30 Gy (MultiRad
160,160 kV, 15 mA). To investigate whether hydrated electrons were
involved in the reduction reaction of Cu ions, an electron scavenger
KNO; (final concentration,2 mM) or a hydroxyl radical scavenger NaAc
(final concentration,2 mM) was added to the mixed solution of PWCu
(final concentration, 0.5 mM) and neocuproine (final concentration,
2.5 mM). Afterirradiation with 30 Gy, the absorbance was measured.

Coppersensor-1was used to detect intracellular Cu*levelsin cells.
The 4Tl cells were seeded on confocallaser scanning microscopy dishes
at10 x 10* cells per well. After 12 h, PBS or PWCu (10 pM) was added to
the wells and incubated for 6 h. Next, Coppersensor-1 (final dye con-
centration of 5 pM) was incubated within the dishes followed by X-ray
irradiation (4 Gy). The cells were imaged by confocal laser scanning
microscopy with 543 nm excitation.

Cell viability assay

To evaluate the susceptibility of the radioresistant cell lines 4T1-R,
B16-F10-R, A549-R and HCT116-R, as well as their parental cell lines
4T1, B16-F10, A549 and HCT116, to cuproptosis, elescleomol (30 nM)
and CuCl, (1 uM) were used as inducers of cuproptosis. Cells were
plated in 96-well plates. After attachment, the medium containing
elescleomol (30 nM) and CuCl, (1 uM) was added to the wells. Aftera2 h
incubation, the medium was aspirated and replaced with freshmedium
containing CuCl, (1 uM). The cells were then cultured for an additional
48 h.Subsequently, the mediumineach wellwas replaced with CCK-8
working solution (100 pl) and incubated in a CO, incubator for 2 h.
Finally, the absorbance at 450 nm in each well was measured using a
microplate reader. The cell viability was calculated based on the nor-
malized absorbance. The cuproptosis sensitivity was calculated using
the following formula: cuproptosis sensitivity = (1 - cell viability) x 100
(togive apercentage). To evaluate the acute toxicity of PWCu on normal
cellsincluding AC16, BEAS-2B, HK-2, HaCaT, HUVEC and NCM-460, cells
were seeded atadensity of 2,000-5,000 cells per wellin 96-well plates.
After12 h,PWCu (0to30 uM) was added. After 24 h,a CCK-8 assay was
performed. To evaluate the viability of cells treated by PWCu, CuCl,
or PW,, cells were seeded at a density of 1,000-2,000 cells per well
in 96-well plates. After 12 h, cells were pretreated with PWCu, CuCl,
or PW, at an equivalent dose (O to 25 uM) for 6 h and then irradiated
by 4 Gy IR. After 60 h, a CCK-8 assay was performed. In the cell death
rescue experiments, cell death inducers and protectants were added
to the plate after the cells (MDA-MB-231, 143B and HCT116) adhered.
Specifically, after adding PWCu for 6 h, a radiation dose of 2 Gy was
administered. After 60 h, CCK-8 detection was performed.

Clonogenic assay

The radioresistance of the radioresistant cell lines 4T1-R, B16-F10-R,
A549-R and HCT116-R constructed in this study was compared with
that of their parental cell lines 4T1, B16-F10, A549 and HCT116 using a
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clonogenic assay. Cells were plated at a density of 1,000-2,000 cells
per well in six-well plates. After the cells adhered, the six-well plates
were irradiated with 0, 2, 4, 6 or 8 Gy of X-rays. When colony forma-
tion was observed, the cells were fixed with a 4% paraformaldehyde
solution and stained with Giemsa stain. To evaluate the radiosensitiz-
ing effect, 4T1 cells adhered in the six-well plates (1,000-2,000 cells
per well) were preincubated with PBS, CuCl, (40 pM), PW, (20 pM) or
PWCu (10 uM) for 6 h, followed by X-ray irradiation (0, 2, 4 or 6 Gy).
When colony formation was observed, the cells were fixed with a 4%
paraformaldehyde solution and stained with Giemsa stain. In the cell
deathrescue experiments, 143B, HCT116 or MDA-MB-231 cells adhered
in the six-well plates (1,000 cells per well) were preincubated with
PWCu (10 pM) and TTM (20 uM), followed by X-ray irradiation (4 Gy).
To evaluate the radiosensitizing effect of PWCu on radioresistant cells,
B16-F10-R, 4T1-R, A549-R or HCT116-R cells adhered in the six-well
plates (1,000-2,000 cells per well) were preincubated with PBS or
PWCu (10 uM) for 6 h, followed by X-ray irradiation (0 or 2 Gy). The
stained clones were manually counted. The radiation enhancement
factor was calculated using methods described in the literature®. Spe-
cifically, theradiation enhancement factor is the ratio of the radiation
dose required to achieve a10% survival rate.

Transmission electron microscopy assay

Following various treatments, the cells were trypsinized, harvested and
subsequently fixed with a2.5% glutaraldehyde solution, then embed-
ded and sectioned for transmission electron microscopy imaging.
The software Nano Measurer v.1.2 was used to measure the length of
mitochondria.

Characteristics of cuproptosis

The 4T1-R cells were seeded in the indicated cell plate and incubated
with PBS or PWCu (10 uM), followed by IR irradiation (0 or 2 Gy). To
observethe aggregation of DLAT, 4T1-R cells treated in each condition
were pre-stained with Mitotracker. Afterward, the cells were fixed with
4% paraformaldehyde. Following fixation, standard cellimmunofluo-
rescence staining techniques were employed, which involved the use
of specific primary antibodies targeting the desired cellular proteins,
followed by fluorescently labelled secondary antibodies that bind to
the primary antibodies. Finally, the cells were visualized using a con-
focal microscope. The images were analysed using Fiji (ImageJ v.1.53)
or NIS-Elements AR (v.4.51.00) analysis. To examine the Fe-S cluster
proteins and HSP70 proteins, the treatment of elesclomol plus CuCl,
was used as a positive inducer for cuproptosis. After various treat-
ments, 4T1-R cells were lysed. During the cell lysis process, proteinase
inhibitors and phosphatase inhibitors were added to prevent protein
degradation and dephosphorylation. The protein content was then
quantified using the Bradford assay. Next, the lysates were mixed with
SDS-PAGE sample loading buffer and heated at 90 °C for 10 min to
denature the proteins. Following this step, a standard western blotting
protocol was initiated.

Immunogenic cell death

The phenomenon of immunogenic cell death was ascertained by the
up-regulation of HSP70, the exposure of CRT and the release of HMGBI.
The4T1-RorHCT116-R cellswere seededin the indicated cell plate and
incubated with PBS or PWCu (10 uM), followed by IR irradiation (0O
and 2 Gy). The HSP70 protein was then examined by western blotting.
Next, the 4T1-R or HCT116-R cells were placed in confocal laser scan-
ning microscopy dishes for different treatments and then fixed with
paraformaldehyde. Following fixation, standard cellimmunofluores-
cence staining techniques were employed to detect CRT or HMGBI.
The images were analysed using Fiji (ImageJ v.1.53) or NIS-Elements
AR (v.4.51.00) analysis. The cell culture supernatant of HCT116-R was
collected to measure extracellular HMGB1 secretion using an HMGB1
ELISA kit (Elabscience, E-EL-H1554c).

Animal experiments

The orthotopic mouse breast tumour model with or without acquired
radiationresistance was set up by injecting4T1or4T1-R cellsinto the
mammary fat pad of BALB/c mice. When tumour volumes reached
approximately 130 mm?, the tumour was subjected to fractionated
radiation therapy of 2 Gy per day for a total of three days. Upon
reaching a tumour volume of 1,000 mm?in the no-treatment group,
the mice were subjected to euthanasia, followed by tumour exci-
sion, weighing and subsequent sectioning forimmunofluorescence
staining.

The anti-cancer efficacy of PWCu was tested on the bilateral flank
model of 4T1-R tumours. Some 5 x 10° 4T1-R cells were subcutane-
ously implanted onto the right (primary) and left (distant) flanks of
BALB/c mice onday 0 and day 6. When the volume of the right tumour
reached approximately 75 mm?, the PWCu solution (500 pg per dose)
was directly injected into the primary tumour. After 2 h, the primary
tumour received a radiation dose of 2 Gy. The injection and radiation
therapy were administered once daily for a total of three doses. For
the CD8'T cell depletion group, on days 15,18 and 21, mice were intra-
peritoneally injected with the depletion antibody (anti-CDS8, 200 pug
per dose). On day 17, some mice were euthanized, and the right-side
tumours were dissected out. A portion of the tumours was fixed in a
4% paraformaldehyde solution for subsequent paraffin embedding,
sectioning and immunofluorescence staining for FDX1, LIAS, DLAT,
HSP70, CRT and HMGBI1. Another portion was used for protein extrac-
tion for western blot analysis. On day 21, some mice were euthanized,
andtheleft-side tumours were dissected out and fixed in a4% paraform-
aldehyde solution for subsequent paraffinembedding, sectioning and
immunofluorescence staining for CD8, CD4 and IFNy. Upon reaching
a tumour volume of 1,500 mm?® in the no-treatment group, the mice
were subjected to euthanasia.

Therecurrent mouse breast 4T1tumours after the primary radia-
tion therapy were used to evaluate the re-irradiation sensitizing and
anti-metastatic effects of PWCu. Some 5 x 10° 4T1 cells were injected
into the mammary fat pad of BALB/c mice. When tumour volumes
reached approximately 200 mm? on day 16, the tumour underwent
an initial fractionated radiation therapy of 8 Gy per fraction, with
a one-day interval between each fraction (four fractions). When
tumour volumes reached approximately 200 mm? again on day 36,
the tumours were injected with PWCu (500 pg per dose). After 2 h,
thetumoursunderwentare-irradiation therapy of 2 Gy. The injection
and re-irradiation were administered once every two days for a total
of three fractions. On days 16 and 36, some mice were euthanized,
and the tumours were dissected out and fixed in a 4% paraformalde-
hyde solution for subsequent paraffin embedding, sectioning and
immunohistochemistry staining for FDX1 and LIAS. Mortality was
documented inthe murine subjects at the earliest of either atumour
volume threshold of 1,500 mm? or the time of death. When the mice
died or were euthanized, the lungs were dissected out for pathologi-
cal analysis.

Statistical analysis

Statistical analysis was performed using GraphPad Prism v.9.0.0. For
comparisons among multiple groups, one-way ANOVA with Tukey’s
multiple comparisons post-test was used. For comparisons between
two groups, a two-tailed ¢-test was used.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Alldatasupporting the findings of this study areincluded in the paper
and its Supplementary Information. Source data are provided with
this paper.
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Extended Data Fig. 1| Up-regulation of FDX1and LIAS in experimental n=3mice per group; HeLa, n = 3 mice per group; MDA-MB-231, n =4 mice
tumours after EBRT. a, Treatment scheme of tumours from mouse models per group). Datain ¢, d are shown as mean + s.d. P values were calculated by
before and after IR irradiation. b, Representative confocal images of tumour two-tailed unpaired ¢-test (¢, d). The experiments shown in b were repeated
lesions before and after IR irradiation (scale bar, 50 um). ¢, d, Normalized independently at least two times with similar results. Panel a created with
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Extended DataFig. 2| The intratumoral distribution of PWCu after laser ablation-inductively coupled plasma-time of flight mass spectrometry.
intratumoral injection. a, 3D reconstruction images of synchrotron radiation The experiments in b were repeated independently at least two times with
micro-CT. b, H&E staining images (scale bar, 500 um) and LA-ICP-TOFMS similar results.
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Extended Data Fig. 3| Comparison of radiosensitizing effect between HfO, and
PWCu. a, Schematic diagram of orthotopic 4T1-R breast cancer establishment
and radiotherapy. b, ¢, Growth curves of tumours. Results are expressed as
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2 Gy x3IRon4T1-Rtumours. n =10 biologically independent mice per group.

e, Representative photographs of tumours. Dataind are represented as box and
whiskers (centre line, median; box limits, 25th and 75th percentiles; whiskers,
minimum and maximum). The Pvalue was calculated by two-tailed unpaired
t-test (d).
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determined as female by self-reporting. The study investigators of Beijing Union Medical College Hospital collected cervical
cancer tissue samples for this study in an approved and reasonable manner.

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics No data on population characteristics was collected.

Recruitment The study investigators of Beijing Union Medical College Hospital identified and recruited participants according to the study
eligibility.

Ethics oversight The study protocol was approved by the Ethics Committee of Beijing Union Medical College Hospital (No. HS-2554).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine the sample sizes. It is impossible to predict the magnitude of experimental variation
between animals based on our current knowledge. Sample size was chosen to ensure reproducibility of the experiments in accordance with
the replacement, reduction and refinement principles of animal ethics regulation. The sample sizes reported in the present study are
comparable to those used in previous and similar publications. The group sizes (at least three animals per treatment group) represents the
minimum number animals needed to reach statistical significance (p < 0.05) between experimental groups.

Data exclusions  No exclusion method was used in this study.

Replication Experiments results were robust and reproducible. Experiments were performed at least twice. Replication of experiments was noted in the
figure caption.

Randomization  All samples and mice were randomly assigned into groups.
Blinding No blinding was done in this study. Most of the studies contained multiple steps (including the material preparation, mouse tumour

treatment, and so on) and the scientists must keep careful track of conditions. All experimental analyses were done objectively and did not
require blinding.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
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Antibodies =
Antibodies used Antibody (Catalog number/description); Provider; Dilution used. 3
Antibodies for immunofluorescence and immunohistochemistry:
Rabbit anti-FDX1 (ab108257); Abcam; 1 to 200.
Rabbit anti-LIAS (11577-1-AP); Proteintech; 1 to 200.
Mouse anti-DLAT (YM1328); Immunoway; 1 to 300.
Rabbit anti-CRT (#12238); Cell Signaling Technology; 1 to 200.
Rabbit anti-CRT (GB112134-100); Servicebio; 1 to 250.
Rabbit anti-HMGB1 (ab79823); Abcam; 1 to 250.
Rabbit anti-HMGB1 (GB11103-100); Servicebio; 1 to 300.
Rabbit anti-CD4 (GB15064-100); Servicebio; 1 to 200.
Rabbit anti-CD8 (GB114196-100); Servicebio; 1 to 500.
Mouse anti-IFN-y (YT2279); Immunoway; 1 to 200.
Mouse anti-HSP70 (GB15241-100); Servicebio; 1 to 500.
Alexa Fluor® 488-conjugated Goat Anti-Rabbit IgG (H+L) (GB25303); Servicebio; 1 to 200.
HRP conjugated Goat Anti-Rabbit IgG (H+L) (GB23303); Servicebio; 1 to 200.
Antibodies for Western Blot:
Rabbit anti-FDX1 (ab108257); Abcam; 1 to 1000.
Rabbit anti-LIAS (11577-1-AP); Proteintech; 1 to 2500.
Rabbit anti-Lipoic Acid (ab58724); Abcam; 1 to 1000.
Rabbit anti-POLD1 (ab186407); Abcam; 1 to 1000.
Rabbit anti-ACO2 (ab129069); Abcam; 1 to 2000.
Rabbit anti-HSP70 (ab5439); Abcam; 1 to 1000.
Rabbit anti-ACTIN (AF5003); Beyotime; 1 to 1000.
HRP-labeled Goat Anti-Rabbit IgG(H+L) (A0208); Beyotime; 1 to 1000.
Antibody for in vivo cell depletion:
Ultra-LEAF™ Purified anti-mouse CD8a Antibody (100763); Biolegend.
Validation All antibodies were validated by literatures and/or by the respective manufacturers.

1. Rabbit anti-FDX1 (ab108257) has been validated for WB analysis by the manufacturer. Rabbit anti-FDX1 (ab108257) has been
validated for IHC analysis by the literature (Tsvetkov et al., Science 375, 1254-1261 (2022)). Reactivity with human, mouse and rat
was tested. https://www.abcam.cn/products/primary-antibodies/adx-antibody-epr4629-ab108257.html.

2. Rabbit anti-LIAS (11577-1-AP) has been validated for WB and IHC analysis by the manufacturer. Reactivity with human, mouse and
rat was tested. https://www.ptgcn.com/products/LIAS-Antibody-11577-1-AP.htm#publications.

3. Mouse anti-DLAT (YM1328) has been validated for IF analysis by the manufacturer. Reactivity with human and mouse was tested.
http://www.immunoway.com/Home/22/YM1328.

4. Rabbit anti-CRT (#12238) has been validated for IF analysis by the manufacturer. Reactivity with human, mouse and rat was tested.
https://www.cellsignal.cn/products/primary-antibodies/calreticulin-d3e6-xp-rabbit-mab/12238.

5. Rabbit anti-CRT (GB112134-100) has been validated for IF analysis by the manufacturer. Reactivity with human, mouse and rat was
tested. https://www.servicebio.cn/goodsdetail?id=5108.

6. Rabbit anti-HMGB1 (ab79823) has been validated for IF analysis by the manufacturer. Reactivity with human, mouse and rat was
tested. https://www.abcam.cn/products/primary-antibodies/hmgb1-antibody-epr3507-ab79823.html.

7. Rabbit anti-HMGB1 (GB11103-100) has been validated for IF analysis by the manufacturer. Reactivity with human, mouse and rat
was tested. https://www.servicebio.cn/goodsdetail ?7id=1383.

8. Rabbit anti-CD4 (GB15064-100) has been validated for IF analysis by the manufacturer. Reactivity with mouse were tested. https://
www.servicebio.cn/goodsdetail ?id=13685.

9. Rabbit anti-CD8 (GB114196-100) has been validated for IHC and IF analysis by the manufacturer. Reactivity with mouse was tested.
https://www.servicebio.cn/goodsdetail ?id=11280.

10. Mouse anti-IFN-y (YT2279) has been validated for IF analysis by the manufacturer. Reactivity with human, mouse and rat was
tested. http://www.immunoway.com/Home/22/YT2279.

11. Mouse anti-HSP70 (GB15241-100) has been validated for IF analysis by the manufacturer. Reactivity with human, mouse and rat
was tested. https://www.servicebio.cn/goodsdetail ?id=14866.

12. Rabbit anti-Lipoic Acid (ab58724) has been validated for WB analysis by the manufacturer. Reactivity with species independent
was tested. https://www.abcam.cn/products/primary-antibodies/lipoic-acid-antibody-ab58724.html.

13. Rabbit anti-POLD1 (ab186407) has been validated for WB analysis by the manufacturer. Reactivity with human, mouse and rat
was tested. https://www.abcam.cn/products/primary-antibodies/pold1-antibody-epr15118-ab186407.html.

14. Rabbit anti-ACO2 (ab129069) has been validated for WB analysis by the manufacturer. Reactivity with human was tested. https://
www.abcam.cn/products/primary-antibodies/aconitase-2-antibody-epr8282b-ab129069.html.
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15. Rabbit anti-HSP70 (ab5439) has been validated for WB analysis by the manufacturer. Reactivity with human, mouse and rat was
tested. https://www.abcam.cn/products/primary-antibodies/hsp70-antibody-3a3-ab5439.html.

16. Rabbit anti-ACTIN (AF5003) has been validated for WB analysis by the manufacturer. Reactivity with human, mouse and rat was
tested. https://www.beyotime.com/product/AF5003.htm.

17. Ultra-LEAF™ Purified anti-mouse CD8a Antibody (100763) has been validated for depletion application in the literature (Wang Y,
et al. 2021. Nat Commun. 12:4964.). Reactivity with mouse was tested. https://www.biolegend.com/en-us/products/ultra-leaf-
purified-anti-mouse-cd8a-antibody-7731.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

A549, Hela, HCT116, MDA-MB-231, 143B, HaCaT, B16F10, 4T1, and CT26 cell lines were obtained from the Cell Resource
Center, Peking Union Medical College. BEAS-2B (BNCC359274), NCM-460 (BNCC339288), and HK-2 (BNCC339833) cell lines
were obtained from BeNa Culture Collection. AC16 (CTCC-003-0014), Hepal-6 (CTCC-400-0322), and HUVEC (CTCC-0804-PC)
cell lines were obtained from Zhejiang Meisen Cell Technology Co., LTD.

Identity of the cell lines were frequently checked by their morphological features and they were authenticated by the short
tandem repeat (STR) profiling initially.

Mycoplasma contamination Cells were regularly tested and confirmed without mycoplasma contamination.

Commonly misidentified lines  no commonly misidentified cell lines are used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

6-8 week-old C57BL/J, BALB/c or BALB/c-nu female mice were used for animal experiments described in this study. Mice were kept
with free access to standard food and water. All care and handling of animals were performed with the approval of the Ethics
Committee of Institute of High Energy Physics and Peking Union Medical College Hospital. Animals were housed at a density of 4-5
mice per cage, maintained at a temperature of ~25 °C in a humidity-controlled environment with a 12 h light/dark cycle.

The study did not involve wild animals.

All mice used in this study were female.

The study did not involve samples collected from the field.

All animal experiments were performed in accordance with the guidelines approved by the Ethics Committee of Institute of High
Energy Physics and Peking Union Medical College Hospital.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-authentication procedures for-each seed stock tised-or novel- genotype generated.-Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Cells were trypsinized, harvested and washed with PBS and then analysed with flow cytometer. Cells were stained with
probes according to the manufacturer’s protocols, and then analyzed by flow cytometry.

Instrument Beckman CytoFLEX S

Software CytExpert v2.4

Cell population abundance Each experiment involved only one type of cell lines and no sorting was performed. 20000 events were collected in each
analysis.

Gating strategy In general, cells were gated on FSC-A/SSC-A. The fluorescence signal of the TMRE probe in the single cell population was
analyzed.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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