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Interferon signaling and ferroptosis in
tumor immunology and therapy
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This study sought to elucidate the mechanisms underlying the impact of the interferon signaling
pathway on Ferroptosis in tumor cells and its correlation with CD8+ T cell exhaustion. Using mouse
models andsingle-cell sequencing, the researchers studied the interaction betweenCD8+ Tcells and
the interferon signaling pathway.Differential gene analysis revealed key genes involved inCD8+ Tcell
exhaustion, and their downstream factors were explored using bioinformatics tools. The expression
levels of interferon-related genes associated with Ferroptosis were analyzed using data from the
TCGA database, and their relevance to tumor tissue Ferroptosis and patients’ prognosis was
determined. In vitro experiments were conducted to measure the levels of IFN-γ, MDA, and LPO, as
well as tumor cell viability and apoptosis. In vivo validation using a mouse tumor model confirmed the
results obtained from the in vitro experiments, highlighting the potential of silencing HSPA6 or
DNAJB1 in enhancing the efficacy of PD-1 therapy and inhibiting tumor growth and migration.

The interferon signaling pathway plays a crucial role in cancer therapy1,2.
This pathway is essential for the normal functioning of immune responses,
particularly the activation and function of CD8+T cells3,4. Interferon has a
broad range of effects, including cell proliferation, apoptosis, immune reg-
ulation, and antiviral responses5–7. In tumor treatment, interferon has
potential therapeutic effects bymodulating the immune response, especially
enhancing the anti-tumor activity of CD8+ T cells8,9.

In recent years, tumor cell Ferroptosis has gained extensive attention as
a novel therapeutic strategy10,11. Fe plays an important role in the survival
and proliferation of cancer cells12,13. Fe is involved in various critical bio-
chemical processes, such as electron transport chain, DNA synthesis, and
cell respiration, maintaining the normal metabolism and vitality of tumor
cells14,15. Exploring the impact of interferon signaling pathway activation on
tumor cell Ferroptosis not only reveals its potential therapeuticmechanisms
but also provides a theoretical basis for identifying new immunotherapy
targets16–18.

CD8+ T cell exhaustion plays a critical role in anti-tumor
immunity19,20. This terminal differentiation state of T cells leads to a wea-
kened anti-tumor activity, limiting the effectiveness of effector immune
responses21–23. Activation of the interferon signaling pathway is crucial for
maintaining the functionality of CD8+T cells4,24. By analyzing the inter-
action between CD8+T cells and the interferon pathway using single-cell
transcriptome sequencing, we hope to gain a deeper understanding of the

regulatory mechanisms of interferon signaling on CD8+T cell function,
providing strong support for the development of new immunotherapy
strategies25.

To reveal the key genes associated with interferon signaling
pathway activation, we will conduct bioinformatics analysis and per-
form differential gene identification and functional enrichment ana-
lysis. Through this strategy, we aim to identify key genes related to
tumor cell Ferroptosis and CD8+ T cell exhaustion. By further
studying these genes and their downstream regulatory factors, we can
comprehensively understand the molecular mechanisms by which the
interferon pathway affects tumor cell Ferroptosis and CD8+ T cell
exhaustion, providing important clues for the development of new
targeted treatment approaches.

This study aims to elucidate the mechanisms by which the inter-
feron signaling pathway affects tumor cell Ferroptosis, explore the
correlation between interferon signaling pathway activation and
CD8+ T cell exhaustion, and determine key genes. These findings will
contribute to a better understanding of tumor development and
treatment and provide guidance for cancer immunotherapy and Fe-
related therapies. We believe that these discoveries have the potential
to offer new options for personalized cancer treatment and hold sig-
nificant scientific and clinical significance in ultimately overcoming
cancer.
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Results
Revealing CD8+ T cell exhaustion in tumor microenvironment
The immune system is capable of distinguishing between danger and non-
danger signals, thereby inducing appropriate immune responses to combat
pathogens and cancer or promoting self-tolerance to avoid autoimmune
and immunopathological conditions. One mechanism that has evolved to
prevent immune system damage is the functional silencing of effector
T cells, known as T cell exhaustion26. Current research suggests that T cell
exhaustion is inevitable in the context of persistent tumors27,28.However, the
mechanisms underlying T-cell exhaustion are not yet fully understood, and
further investigation is warranted.

Based on the attribution of T cell exhaustion in tumor tissue
mainly to the loss of normal function in CD8+ T cells29–31, we initially
acquired CD8+ T cells from tumors of nine different cancer types
using a mouse in situ transplantation model and performed single-cell
sequencing. The sequencing data were distinguished between normal
and tumor samples of various cancer types using Perl scripts and R
software. Normal and tumor samples of different cancers were sub-
jected to dimensionality reduction using the PCA algorithm, resulting
in distinct Principal Components (PCs), and the p values of these
components were calculated (Supplementary Fig. 1). PCs with p < 0.05
were used for cell clustering analysis. Cells belonging to different PCs
were clustered into multiple clusters. Compared to normal samples,
tumor samples exhibited a greater diversity of CD8+ T cell subsets
(Fig. 1A, B).

Through literature review, we identified PDCD1, CXCL13, and LAYN
as marker genes for exhausted CD8+ T cells32. Therefore, we focused on
labeling cells with high expression of these three genes. The results showed a
significant increase in labeled CD8+ T cells in tumor samples compared to
normal samples, with the highest increase observed in cells labeled as
CXCL13-positive (Fig. 2A, B). Additionally, the bubble plot also indicated
an increase in clusterswith high expressionof PDCD1,CXCL13, andLAYN
in tumor samples (Fig. 2C,D). Specifically, in normal samples, only cluster 8
of ESCA and cluster 9 of UCEC exhibited high expression of PDCD1,
CXCL13, and LAYN, while in tumor samples, cluster 2 of BCL, multiple
clusters of ESCA, cluster 4 ofMM, cluster 6 ofOV, clusters 4 and8of PACA,
cluster 9 of RC, and clusters 4 and 11 of UCEC showed high expression of

PDCD1, CXCL13, and LAYN. These clusters are likely to represent
exhausted CD8+ T cells. Furthermore, in Fig. 1, it can be observed that
these clusters of cells also account for a certain proportion of tumor samples
from cancer patients. Taken together, these results demonstrate the wide-
spread presence of CD8+T cell exhaustion in cancer patients.

Amplified CD8+ T cell exhaustion in tumor microenvironment
following interferon signal activation
Recent studies have shown that T-cell exhaustion levels are significantly
upregulated in tumor tissues of advanced cancer under prolonged stimu-
lation of type I interferons (IFN-I). In contrast, T-cells lacking IFN-I sti-
mulation exhibit lower exhaustion levels and increased tumor cell
inhibition33. Therefore, we further investigated the abundance of interferon-
activated CD8+ T-cells in different types of cancer.

By analyzing the expression of STAT1, IFIT1, ISG15, and CCR1 genes
in CD8+ T-cells activated by interferon, we labeled the cells32. The results
indicated an increase in the labeled cell population and an increased pre-
sence of clusterswith high expression of STAT1, IFIT1, ISG15, andCCR1 in
tumor samples compared to normal samples, indicating a significant
increase in interferon-activated CD8+T-cell abundance (Supplementary
Fig. 2, Fig. 3A, B). Specifically, in tumor samples, BC cluster 1, ESCAclusters
7 and 9, MM cluster 2, OV cluster 4, PACA cluster 8, RC cluster 6, THCA
cluster 3, and UCEC clusters 9 and 15 all exhibited high expression of
STAT1, IFIT1, ISG15, and CCR1.

Subsequently, we focused on the evolutionary trajectory of CD8+T-
cells in ESCA, MM, OV, PACA, RC, and UCEC through cell trajectory
analysis. The results showed a significant increase in the number of
exhausted CD8+ T-cells coinciding with the appearance or later stage of
interferon-activated CD8+ T-cells in these 6 types of cancer, suggesting
interferon stimulation leads to CD8+ T-cell exhaustion in tumor tissues
(Fig. 3C), which is consistent with previous research findings34,35. Taken
together, these results indicate a relationship between CD8+T-cell
exhaustion and activation of the interferon signaling pathway.

HSPA6: a key player in CD8+T cell exhaustion
To investigate further the key factors involved in the promotion ofCD8+ T
cell exhaustion by interferon signaling, the expressionmatrices of CD8+ T

Fig. 1 | Cell clustering analysis of CD8+ T cells in various cancer normal tissues and tumor tissues. A Clustering of CD8+ T cells in different cancer normal tissues
(n = 48); B Clustering of CD8+ T cells in different cancer tumor tissues (n = 48).
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cells in the six cancer normal samples and tumor samplesmentioned above
were merged. Differential analysis was then conducted on both datasets,
resulting in the identification of eight differentially expressed genes:HSPA6,
CXCL13, HSPA1A, HSPA1B, HSPB1, BAG3, IGLV3-1, and DNAJB1.
Subsequently, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis was performedon these eight genes.
TheGO andKEGG results revealed that these genes weremainly associated
with various stress-related conditions and were enriched in multiple path-
ways, including “Protein processing in endoplasmic reticulum,” “MAPK
signaling pathway,” and “Estrogen signaling pathway” (Fig. 4A-B). It has
been reported that theMAPKsignalingpathway is associatedwithCD8+ T
cell exhaustion induced by cancer, and the activation of this pathway can
promote T cell exhaustion levels within tumor tissues36–38. Therefore, we
selected HSPA6, HSPA1A, HSPA1B, and HSPB1, which were enriched in
the “MAPK signaling pathway,” for further analysis.

Using theGEPIA2website, we initially analyzed the expression levels of
the aforementioned four genes and T cell exhaustion-associated marker
genes in pan-cancer tissues. The results showed that HSPA6, HSPA1A,
HSPA1B, and HSPB1 were significantly upregulated in tumor tissues in
relation toTcell exhaustion-associatedmarker genes (Fig. 4C). Subsequently,
using the GEPIA2 website, we examined the overall expression of T cell
exhaustion-related marker genes in tumor tissues. We analyzed the rela-
tionship betweenHSPA6, HSPA1A,HSPA1B, andHSPB1 in relation to this
characteristic. The analysis revealed a particularly prominent positive cor-
relation between HSPA6 and the T cell exhaustion characteristic (Fig. 4D).

To further determine the role of HSPA6 in CD8+ T cell exhaustion,
CD8+ Tcellswere extracted frompurchasedhuman spleenTcells (Fig. 5A,
purity >98%) and induced into exhaustion using IFN-α. The results showed
that, compared to the non-treated control group (con), IFN-α significantly
increased the expression levels of exhaustionmarkermolecules such asPD1,
TIM3, LAG3, and CTLA4 in CD8+ T cells while reducing their pro-
liferative ability (Ki67) and cell viability (CD69), as well as the levels of IFN-
γ, IL-2, and TNF-α (Fig. 5B–D). This indicated that CD8+T cells stimu-
lated by IFN-α exhibited clear exhaustion characteristics.

Meanwhile, IFN-α also upregulated themRNAand protein expression
levels ofHSPA6 inCD8+Tcells (Fig. 5E, F). Subsequently,we transfected a
specifically designed sequence for silencing HSPA6 into CD8+T cells. We
induced their exhaustion with IFN-α and selected the sequence sh-HSPA6-
2, which showed higher silencing efficiency, for subsequent experiments
(Fig. 5G). Further experimental validation revealed that silencing HSPA6
reversed the exhaustion of CD8+T cells induced by IFN-α (Fig. 5H, I).

Based on these results, we conclude that HSPA6 is a key gene con-
tributing to T cell exhaustion.

Identification of DNAJB1 as a downstream factor in HSPA6-
mediated CD8+ T cell exhaustion regulation
In order to investigate the downstream signaling factors of HSPA6, we
utilized the GeneMANIA andCoexpedia databases to search for genes that
are related to HSPA6. According to GeneMANIA, HSPA6 is associated
withproteins suchasDNAJB1andDNAJB4 (Fig. 6A). Similarly,Coexpedia

Fig. 2 | Cell clustering analysis of CD8+ T cells expressing high levels of PDCD1,
CXCL13, and LAYN in various cancer normal tissues and tumor tissues.
A Number and distribution of CD8+ T cells expressing high levels of PDCD1,
CXCL13, and LAYN in different cancer normal tissues (n = 48); the greener the
color, the higher the gene expression; B Number and distribution of CD8+ T cells

expressing high levels of PDCD1, CXCL13, and LAYN in different cancer tumor
tissues (n = 48); the greener the color, the higher the gene expression; C Expression
of PDCD1, CXCL13, and LAYN in different cancer normal tissue clusters (n = 48);
D Expression of PDCD1, CXCL13, and LAYN in different cancer tumor tissue
clusters (n = 48).
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indicates that DNAJB1 has the highest interaction index with HSPA6 (Fig.
6B). Combining the search results from GeneMANIA and Coexpedia
databases (Fig. 6C), alongwith the differential analysis showingDNAJB1 as
a differential gene, we believe that DNAJB1may act as a downstream factor
of HSPA6. Subsequently, through in vitro experiments, we discovered that
compared to the control group, IFN-α also caused an upregulation in the
mRNA and protein expression levels of DNAJB1 in CD8+ T cells (Fig.
6D, E). Furthermore,we observed a significant decrease in the expression of
DNAJB1 in CD8+ T cells when HSPA6 was silenced (Fig. 6F, G). Fur-
thermore, protein immunoblotting was conducted to assess the protein
expression of HSPA6 after silencing DNAJB1 in the cells. The results
indicated a significant reduction inDNAJB1 protein expression in the INF-
α+ sh-DNAJB1 group compared to the INF-α+ sh-NC group, while the
protein expression of HSPA6 remained almost unchanged (Fig. 6H).
Additionally, Co-IP experiments were performed using HSPA6 antibodies
to confirm the interaction betweenHSPA6 andDNAJB1 (Fig. 6I). Based on
these results, we propose that DNAJB1 acts as a downstream factor for
HSPA6 in regulating the exhaustion of CD8+ T cells.

The interplay between CD8+ T cell exhaustion, interferon sig-
naling, and ferroptosis in cancer
Recent studies have demonstrated that intervening in the interferon
signaling pathway can induce Ferroptosis in tumor cells, leading to
effective eradication of cancer cells through enhancing tumor cell
immunogenicity, inducing mitochondrial dysfunction, and enhan-
cing host immune function39–41. As previously mentioned, CD8+ T
cell exhaustion has a significant impact on tumor cell proliferation33.
Considering these two points, it is necessary to explore the connec-
tion between CD8+ T cell exhaustion, the interferon signaling
pathway, and tumor cell Ferroptosis.

To investigate the relationship between these three elements, we
first obtained a list of Ferroptosis-related genes from the Ferrdb
website and identified 14 IRGs that are associated with Ferroptosis
(Fig. 7A). Subsequently, we downloaded gene expression matrices
and clinical files of 33 cancer types from the UCSC website and
analyzed the characteristics of these 14 IRGs in cancer. We found that
IFNA1, IFNA5, IFNA21, and IFNG were relatively highly expressed

Fig. 3 | Cell clustering analysis of interferon-activated CD8+ T cells in various
cancer normal tissues and tumor tissues. A Expression of STAT1, IFIT1, ISG15,
and CCR1 in different cancer normal tissue clusters (n = 48); B Expression of
STAT1, IFIT1, ISG15, and CCR1 in different cancer tumor tissue clusters (n = 48);

C Cell trajectories of CD8+ T cells in various cancer tumor tissues, with the right
panel showing the time of cell appearance, where darker blue indicates earlier
appearance (n = 33).
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in cancer tissues (Fig. 7B). Compared to normal tissues, significant
differences were observed in the expression levels of IFNA1, IFNA5,
and IFNA21 in cancerous tissues (Fig. 7C–E). Additionally, IFNG
exhibited an upregulation trend in the majority of cancers, with a

significant upregulation detected in various cancer tissues such
as uterine corpus endometrial carcinoma (UCEC), stomach
adenocarcinoma (STAD), and rectum adenocarcinoma (READ)
(Fig. 7F, G). Furthermore, IFNA13 exhibited the most significant

Fig. 4 | Enrichment analysis of differentially expressed genes and co-expression ana-
lysis with T cell exhaustion marker genes. A GO enrichment analysis of differentially
expressed genes; B KEGG enrichment analysis of differentially expressed genes;
C Expression of HSPA6, HSPA1A, HSPA1B, and HSPB1 in correlation with T cell

exhaustion marker genes in pan-cancer tumor tissues, with values indicating the ratio of
gene expression in tumor tissues compared to normal tissues;DCo-expression analysis of
HSPA6, HSPA1A, HSPA1B, and HSPB1 with the overall characteristics of T cell
exhaustionmarkergenes inpan-cancer tumor tissues, validatedusing theGEPIA2website.

https://doi.org/10.1038/s41698-024-00668-w Article

npj Precision Oncology |           (2024) 8:177 5



correlation with the expression of IFNA6 and IFNA2 in cancer tis-
sues, while the correlation between IFNG and other IRGs’ expression
was not significant (Fig. 7H).

Survival analysis revealed a significant correlation between IRGs
and unfavorable prognosis in cancer patients, with the expression of
most IRGs affecting the prognosis of 1-3 types of cancers (Supplemen-
tary Fig. 3). The results indicate that the expression of IFN-γ is highly

beneficial for the prognosis of patients with breast cancer (BRCA) and
head and neck squamous cell carcinoma (HNSC) (Fig. 8A, B). However,
in clear cell renal cell carcinoma (KIRC), the expression of IFN-γ is
unfavorable for patient prognosis (Fig. 8C). In low-grade glioma (LGG),
ovarian cancer (OV), and sarcoma (SARC), the impact of IFN-γ
expression on patient prognosis is not significantly significant (Fig.
8D–F). In skin cutaneousmelanoma (SKCM), the expression of IFN-γ is

Fig. 5 | Experimental verification of the influence of IFN-α and HSPA6 on
CD8+ T cell exhaustion. In vitroNote:AFlowcytometrywasused to detect the purity
of the extracted CD8+T cells; B Flow cytometry was used to measure the expression
levels of exhausted markers, such as PD1, TIM3, LAG3, and CTLA4, in CD8+T cells.
The isotype control represents newly isolated CD8+T cells, while Healthy CD8
represents CD8+T cells not stimulated with IFN-α (the unmarked lines correspond to
irrelevant lines, please replace them with the images of the experimental group later);
C Flow cytometry was used to measure the expression levels of Ki67 and CD69 in
CD8+T cells;DFlow cytometrywas used tomeasure the expression levels of IFN-γ, IL-
2, and TNF-α in CD8+T cells; E RT-qPCR experiment was conducted to measure the
expression levels of HSPA6 mRNA; FWestern blot experiment was conducted to

measure the expression levels ofHSPA6protein;GRT-qPCRexperimentwas conducted
to measure the silencing efficiency of shRNA sequences on HSPA6 mRNA expression
after IFN-α stimulation;H Flow cytometry was used to measure the expression levels of
Ki67, CD69, IFN-γ, IL-2, and TNF-α in CD8+T cells after IFN-α stimulation (the
unmarked lines correspond to irrelevant lines, please replace themwith the images of the
experimental group later); I Flow cytometry was used tomeasure the expression levels of
exhaustedmarkers, such asPD1,TIM3, LAG3, andCTLA4, inCD8+Tcells after IFN-α
stimulation (the unmarked lines correspond to irrelevant lines, please replace themwith
the images of the experimental group later). The cell experiments were repeated three
times. * denotes a significant difference between the two groups, *p < 0.05, **p < 0.01.
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advantageous for patient prognosis (Fig. 8G); conversely, in thymoma
(THYM), IFN-γ expression is detrimental to patient prognosis (Fig. 8H).
Nonetheless, in uterine corpus endometrial carcinoma (UCEC), the
expression of IFN-γ is beneficial for patient prognosis (Fig. 8I, J). Fur-
thermore, we further validated the relationship between IFNG and
prognosis in different cancer patients through the GEPIA website, with

the results aligning closely with the aforementioned analysis, indicating
a negative correlation between IFNG expression and the survival time of
THYM patients (Fig. 8K).

In conclusion, the expression levels of Ferroptosis-related IRGs in
tumor tissues of cancer patients are associated with their prognosis, with
IFNG showing the closest relationship to patient prognosis.
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Fig. 6 | In vitro experimental verification of the influence of IFN-α andHSPA6 on
CD8+ T cell exhaustion. A GeneMANIA database predicted the downstream
factors of HSPA6; B Coexpedia database predicted the top 5 downstream factors
with the highest interaction index with HSPA6; C Venn diagram showing the pre-
dicted downstream factors of HSPA6 from GeneMANIA and Coexpedia databases;
DRT-qPCR experiment was conducted tomeasure the expression levels of DNAJB1
mRNA; EWestern blot experiment was conducted to measure the expression levels
of HSPA6 protein; F RT-qPCR experiment was conducted to measure the effect of

silencingHSPA6onDNAJB1mRNAexpression after IFN-α stimulation;GWestern
blot experiment was conducted to measure the effect of silencing HSPA6 on
DNAJB1 protein expression after IFN-α stimulation; H Western blotting experi-
ment detected the effect of silencing DNAJB1 on HSPA6 protein expression after
IFN-α stimulation; I Co-IP experiment detected the interaction between DNAJB1
and HSPA6 proteins. The cell experiments were repeated three times. * denotes a
significant difference between the two groups, *p < 0.05, **p < 0.01.
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Impact of IFN-α and IFN-γ on CD8+ T cell-mediated ferroptosis
in cancer cells
It is well known that IFN-γ is mainly produced by CD8+ T cells39,42. We
first examined the changes in IFN-γ levels in CD8+T cells after treatment
with IFN-α and silencing of HSPA6 or DNAJB1. The results showed that,
compared tonormalCD8+ Tcells (con), IFN-α inhibited theproductionof

IFN-γ in CD8+T cells, while silencing of HSPA6 orDNAJB1 reversed this
phenomenon (Fig. 9A).

To investigate whether IFN-α induction affects Ferroptosis in tumor
cells, we co-cultured CD8+T cells with tumor cells. Nine different cancer
cell lines were chosen, and CD8+T cells were stimulated with IFN-α
in vitro. After continuous stimulation with IFN-α, we found that the cell

Fig. 7 | Pan-cancer analysis of IRGs. A Ferroptosis-related genes obtained from the
Ferrdb website; B Expression profiling of 14 IRGs in different cancer tissues
(n = 10,327); C–F Differential expression analysis of IFNA1, IFNA5, IFNA21, and
IFNG genes in normal tissues (n = 730) and tumor tissues (n = 10,327) of different
cancers; G Heatmap presenting the differential expression of IFNA1, IFNA5,
IFNA21, and IFNG genes in normal tissues (n = 730) and tumor tissues (n = 10,327)
of different cancers, with red indicating upregulation in tumor tissues and green
indicating downregulation; H Correlation analysis of gene expression of IRGs in
cancer tissues (n = 10,327). BLAC bladder urothelial carcinoma, BRCA breast

invasive carcinoma, CHOL cholangiocarcinoma, ESCA esophageal carcinoma,
GBM glioblastoma multiforme, HNSC head and neck squamous cell carcinoma,
KICH kidney chromophobe, KIRC kidney renal clear cell carcinoma, KIRP kidney
renal papillary cell carcinoma, LIHC liver hepatocellular carcinoma, LUAD lung
adenocarcinoma, LUSC lung squamous cell carcinoma, PRAD prostate adeno-
carcinoma, READ rectum adenocarcinoma, STAD stomach adenocarcinoma,
THCA thyroid carcinoma,UCECuterine corpus endometrial carcinoma.* indicates
comparison with Normal group, *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 8 | Prognostic correlation analysis of IFNG in different cancer patients.
A–J Analysis of the overall survival time in different cancer patients (n = 10327)
based on the expression level of IFNG; K Validation of the correlation between the
expression level of IFNG and prognosis in THYM patients (n = 115) using the

GEPIA website. LGG brain lower grade glioma, OV ovarian serous cystadeno-
carcinoma, SARC sarcoma, SKCM skin cutaneous melanoma, THYM thymoma,
UVM uveal melanoma.

https://doi.org/10.1038/s41698-024-00668-w Article

npj Precision Oncology |           (2024) 8:177 8



viability of all tumor cells significantly increased while the apoptosis level
decreased (Fig. 9B,C). Additionally, as shown inFig. 9D, E, compared to the
con group, the expression levels of COX2, ACSL4, and NOX1 mRNA in
tumor cells from the IFN-α group significantly decreased, while GPX4
increased significantly. Furthermore, the levels of lipid peroxidation pro-
ducts MDA and LPO were significantly reduced, suggesting that

CD8+ T cells attenuated Ferroptosis in co-cultured tumor cells when sti-
mulated by IFN-α.

To further validate the impact of IFN-γ secreted by CD8+ T cells on
Ferroptosis in tumor cells, we selected nine different cancer cell lines and
performedcultivation and stimulationwith IFN-γ in vitro.After continuous
stimulationwith IFN-γ, we observed significant inhibition of cell viability in

Fig. 9 | In vitro cell experiments investigating the
influence of IFN-γ on tumor cells. A ELISA
experiment examining the influence of IFN-α on the
IFN-γ content of CD8+ T cells when HSPA6 or
DNAJB1 are silenced; BMTT experiment measur-
ing cell viability of tumor cells after treatment with
IFN-α; C Flow cytometry analysis to determine the
level of apoptosis in tumor cells after treatment with
IFN-α; D RT-qPCR experiment analyzing the
expression levels of COX2, ACSL4, NOX1, and
GPX4 mRNA in tumor cells after treatment with
IFN-α; E ELISA experiment measuring the levels of
MDA and LPO in tumor cells after treatment with
IFN-α; F MTT experiment measuring cell viability
of tumor cells after treatment with IFN-γ; G Flow
cytometry analysis to determine the level of apop-
tosis in tumor cells after treatment with IFN-γ;
H RT-qPCR experiment analyzing the expression
levels of COX2, ACSL4,NOX1, andGPX4mRNA in
tumor cells after treatment with IFN-γ; I ELISA
experiment measuring the levels of MDA and LPO
in tumor cells after treatment with IFN-γ; J RT-
qPCR experiments detected the expression levels of
COX2, ACSL4, NOX1, and GPX4 mRNA in tumor
cells after treatment with IFN-γ and anti-IFN-γ
antibodies; K ELISA experiments measured the
levels of MDA and LPO in tumor cells after treat-
ment with IFN-γ and anti-IFN-γ antibodies. Cell
experiments were repeated three times. * indicates
comparison with the control group, *p < 0.05.
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all tumor cells, along with an increase in apoptosis levels (Fig. 9F, G).
Moreover, as depicted in Fig. 9H, I, compared to the con group, the
expression levels of COX2, ACSL4, and NOX1 mRNA in tumor cells from
the IFN-γ group significantly increased,whileGPX4decreased significantly.
Additionally, the levels of lipid peroxidation products MDA and LPO were
significantly elevated, indicating that Ferroptosis occurred in tumor cells
following stimulationwith IFN-γ. Upon stimulationwith IFN-γ, we treated
the cells with IgG and anti-IFN-γ antibodies separately. The results
demonstrated that compared to the IFN-γ+ IgG group, the expression
levels of COX2, ACSL4, and NOX1mRNA in tumor cells was significantly
decreased in the IFN-γ+anti-IFN-γ group, while GPX4 expression was
significantly increased (Fig. 9J). Additionally, the levels of lipid peroxidation
products MDA and LPO were also significantly reduced (Fig. 9K) in the
IFN-γ+anti-IFN-γ group. Considering the results of the bioinformatics
analysis in Fig. 8, we believe that themain reason for the favorable prognosis
of cancer patientswith high IFN-γ expression is likely due to its induction of
Ferroptosis in tumor cells.

Enhanced antitumor effect of PD-1 blockade by silencingHSPA6
in CD8+ T cells
Tumor immunotherapy is an emerging treatment for drug-resistant tumor
cells and involves theuseof thehuman immune system to combatdiseases43.
Research has shown that tumor-specific CD8+ T cells play a crucial role in
anti-tumor immunity, making them a key target for immunotherapy,
especially when combined with anti-PD-1 therapy for enhanced
efficacy44–46. To investigate the impact of HSPA6 or DNAJB1-treated
CD8+ T cells on the efficacy of anti-PD-1 therapy, we established a sub-
cutaneous xenograft model of melanoma using the SK-MEL-1 cell line in
mice (immunotherapy-tolerant model). Subsequently, all mice were intra-
peritoneally injected with anti-PD-1.

The results revealed that compared to the control group, the growth of
tumors in the sh-NC group showed no significant changes. However, the
growth of tumors in the sh-HSPA6 or sh-DNAJB1 groups was suppressed,
resulting in reduced tumor sizeandweight.Additionally, the use of anti-PD-
1 alone had no significant effect on tumor growth compared to the control
group. In contrast, treatment with sh-HSPA6+anti-PD-1 or sh-DNAJ-
B1+anti-PD-1 was beneficial in suppressing the growth of implanted SK-
MEL-1 tumors, leading to decreased tumor size and weight (Fig. 10A, B).
Additionally, sh-HSPA6 or sh-DNAJB1 downregulated the expression of
PD1,TIM3, LAG3, andCTLA4 in tumor tissues, upregulated the expression
of Ki67 and CD69, and enhanced the secretion of effector factors in
CD8+ T cells. Similarly, treatment with sh-HSPA6+anti-PD-1 or sh-
DNAJB1+anti-PD-1 downregulated the expression of PD1, TIM3, LAG3,
andCTLA4 in tumor tissues, upregulated the expression of Ki67 andCD69,
and enhanced the secretion of effector factors in CD8+T cells, when
compared to the sh-NC+anti-PD-1 group (Fig. 10C–E). Moreover, sh-
HSPA6 or sh-DNAJB1 upregulated the levels of IFN-γ and Ferroptosis in
tumor tissues. In comparison to the sh-NC+anti-PD-1 group, treatment
with sh-HSPA6+anti-PD-1 or sh-DNAJB1+anti-PD-1 increased the levels
of IFN-γ and Ferroptosis in tumor tissues (Fig. 10F–H). Based on the
findings of previous studies33, we propose that the enhanced anti-tumor
effect of PD-1 is attributed to the improvement of CD8+T cell immune
response through silencing HSPA6.

Discussion
The interferon signaling pathway plays a critical role in tumor
immunotherapy47–49. The production of interferons activates the immune
system and hinders the growth and spread of tumor cells, making its
association with tumor immunotherapy a subject of extensive research and
focus4,50,51. In this study, the impact mechanism of the interferon signaling
pathway on Ferroptosis in tumor cells was revealed, providing important
insights into the underlying mechanisms of tumor immunotherapy.

Compared to previous studies, this research employed single-cell
sequencing technology, enabling more accurate analysis of the functional
state and gene expression changes in CD8+T cell subpopulations25. This

application significantly reduced human error and enhanced data quality,
particularly in uncovering the role of CD8+ T cells in the interferon sig-
naling pathway52–54. The employment of single-cell sequencing technology
in this study yieldedmore precise conclusions and offered new perspectives
and ideas for further research.

A key gene, HSPA6, was found by this study to be highly expressed in
CD8+ T cells and played a vital role in regulating CD8+T cell exhaustion.
HSPA6 enhanced the immune-killing effect of CD8+ T cells on tumors by
modulating the cell cycle and mitochondrial function, thereby improving
the effectiveness of tumor immunotherapy55. This finding provides crucial
clues for a deeper exploration of the mechanisms of CD8+ T cell exhaus-
tion and the identification of new therapeutic targets for exhaustion.
However, the heat shock protein family is induced when encountering
pathogens. Most cancer patients have compromised immune responses to
some extent, making them susceptible to pathogenic attacks. Therefore, the
expression of HSPA6, a biomarker for depleted T cells in cancer patients, is
likely related to the patient’s potential infection status rather than directly
associated with the tumor condition. To control for this potential con-
founding factor, we used bioinformatics to analyze whether the expression
level of HSPA6 directly correlates with tumor staging. Our study found a
correlation in colorectal and esophageal cancers but not in pancreatic,
endometrial, renal, or thyroid cancers. To delve deeper, we retrieved data on
HSPA6 expression in tumor cells from databases; however, individual
tumor cellsmaynot adequately represent the overall tumor status, especially
considering the considerable inconsistency in HSPA6 expression among
different tumor cells of the same cancer type. Furthermore, the tumor
microenvironment likely plays a pivotal role in this process, warranting
further in-depth investigation.

The key gene IFN-γ, revealed by this study, plays an important role in
interferon-induced Ferroptosis of tumor cells. IFN-γ promotes tumor cell
iron starvation and Ferroptosis by modulating the antioxidant enzyme
system and ironmetabolism pathways in tumor cells9,56,57. In comparison to
previous studies, this research delved deeper into the potential role of IFN-γ
in tumor treatment, offering new perspectives and directions for the
development of tumor immunotherapy.

The influence of IFN-α on CD8+T cells and tumor cells was
experimentally validated in vitro, supporting the regulatory role of the
interferon signaling pathway in tumor cell Ferroptosis at the cellular level.
IFN-α significantly increased the activity and cytotoxicity of CD8+T cells
while inhibiting the growth and spread of tumor cells. This finding further
emphasizes the importance and potential role of the interferon signaling
pathway in tumor immunotherapy.

The in vivo study using a mouse model validated the in vitro results
and evaluated changes in tumor growth and migration, highlighting the
potential enhanced therapeutic effect of PD-1 treatment. Continued sti-
mulation with IFN-α led to exhaustion of CD8+ T cells by activating the
HSPA6-DNAJB1 axis, which consequently decreased IFN-γ secretion and
inhibited IFN-γ-induced ferroptosis in tumor cells. Simultaneously, the
silence of HSPA6 and anti-PD-1 treatment effectively suppressed tumor
cell proliferation in the host (Fig. 11). Currently, PD-1 (PDL-1) antibodies
have gradually gained FDA approval for the treatment of various cancers,
including non-small cell lung cancer, renal cell carcinoma, bladder cancer,
Hodgkin lymphoma, head and neck cancer, Merkel cell carcinoma, liver
cancer, and gastroesophageal junction cancer58,59. However, it must be
acknowledged that only a small subset of cancer patients can ultimately
benefit from these treatment regimens. Further analysis reveals that only
patients with CD8+ T cell infiltration in the tumor exhibit a more
favorable clinical response to immunotherapy60. HSPA6 is a member of
the HSP70 protein family and shows high expression in various
cancers61–66. Studies suggest that the HSP70 family promotes malignant
tumor progression by inhibiting apoptosis, enabling tumor cells to evade
senescence mechanisms, interfering with immunity, and promoting
angiogenesis67,68. Additionally, HSP70 (HSPA6 orHSPA7) and TLR-2 are
positively correlated with dendritic cells, Tregs, or CD4+ T cells, and
negatively correlated with CD3+ or CD8+ T cells, indicating that
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activation of the HSP70/TLR-2 axis mediates immune suppression by
antagonizing CD8+ T cells69. In recent years, HSPA6 has also been
identified as an immune-related gene and biomarker across different
cancer types70,71. These research findings provide a solid theoretical basis
and practical support for the enhancing effect of theHSPA6-DNAJB1 axis
on the potential efficacy of PD-1 therapy.

The significant findings of this study underscore the scientific and
clinical value of the interferon signaling pathway in tumor immunotherapy.
The research provides important clues for investigating the mechanisms
underlying the interferon signalingpathway inCD8+ Tcell exhaustionand
tumor cell Ferroptosis and offers a theoretical basis for optimizing the
application strategies of the interferon signaling pathway. However, this

Fig. 10 | In vivo experimental verification of the impact of HSPA6 or
DNAJB1 silencing on tumor growth and CD8+ T cell functionality in tumor
tissue. A Changes in tumor volume of subcutaneous transplanted tumors in mice
within 30 days (n = 6); B Representative images and weights of subcutaneous
transplanted tumors in mice after 30 days of the experiment (n = 6); C Expression
levels of exhausted markers PD1, TIM3, LAG3, CTLA4, etc. in CD8+ T cells
detected by flow cytometry (n = 6); D Expression levels of Ki67 and CD69 in

CD8+ T cells detected by flow cytometry (n = 6); E Expression levels of IFN-γ, IL-2,
and TNF-α in CD8+ T cells detected by flow cytometry (n = 6); FDetection of IFN-
γ content in tumor tissue by ELISA (n = 6); G Expression levels of COX2, ACSL4,
NOX1, and GPX4mRNA in tumor tissue detected by RT-qPCR (n = 6);H Levels of
MDA and LPO in tumor tissue detected by ELISA (n = 6). * indicates a comparison
between the two groups, *p < 0.05.
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study has some limitations. Firstly, it heavily relies onmousemodels and in
vitro experiments, needing more clinical sample verification and clinical
data support. Secondly, although the study reveals the important role of the
interferon signaling pathway in CD8+ T cell exhaustion and tumor cell
Ferroptosis, the detailed molecular mechanisms and signal transduction
pathways remain to be fully elucidated. Future research can address these
limitations through comprehensive and in-depth experimental designs and
bioinformatics analysis.

Looking ahead, further exploration of the mechanisms linking the
interferon signaling pathway with CD8+ T cell exhaustion and tumor
cell Ferroptosis is warranted. Firstly, we can further investigate other
factors regulatingCD8+ T cell activity and exhaustion and explore their
interaction with the interferon signaling pathway to identify additional
targets for therapy. Secondly, a more thorough understanding of the
molecular mechanisms underlying tumor cell Ferroptosis would help
identify key genes and pathways regulating tumor cell death. Lastly, the
application strategies of the interferon signaling pathway in tumor
immunotherapy, including the rational design of interferon dosage and
timing, as well as its combination with other tumor treatment approa-
ches, should be optimized. Through these endeavors, we can make
progress and better utilize the interferon signaling pathway for treating
tumors, ultimately bringing improved therapeutic outcomes for
patients.

Methods
Ethical statement
The Animal Ethics Committee of Zibo Central Hospital Affiliated to
Binzhou Medical University has approved this experimental program and
animal usage scheme (20190305).

Tumor sample acquisition and single-cell sequencing
The human cell lines TE354.T (Bio-132776) derived from basal cell carci-
noma, BJAB (Bio-133059) representing B-cell lymphoma, TE-1 (Bio-
73172) for esophageal cancer, KMS-11 (Bio-129971) formultiplemyeloma,
OVCAR-3 (Bio-54032) originating from ovarian cancer, PANC-1 (Bio-
73125) from pancreatic cancer, A-498 (Bio-73195) from renal carcinoma,
ACT-1 (Bio-54288) from thyroid carcinoma and KLE (Bio-73074) from
endometrial carcinoma were procured from the Biobw database in China.
These cell lines were cultured in DMEM medium (11965092, Gibco) sup-
plemented with 20% fetal bovine serum (FBS, 12483020, Gibco), 2 mM
L-glutamine (A2916801, Gibco), 100 units/mL penicillin, and 100 µg/mL
streptomycin (15140148,Gibco). The culturesweremaintained at 37 °C in a
5% carbon dioxide atmosphere72. All materials were purchased from
Thermofisher.

Subsequently, NOG mice (408, NOD.Cg-PrkdcscidIL2rgtm1Sug/
JicCrl) were procured from Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). After intratumoral injection of 4 × 106

various cancer cells and intravenous injection of 2 × 106 normal human
CD8+ T cells, the mice were euthanized 30 days post-injection. Tumor
tissue, adjacent tissue (defined as “tumor tissue” and “normal tissue”), and
CD8+ T cells were extracted for single-cell sequencing. Normal human
T cells were obtained from human spleen sourced fromMingzhou Biotech
(Zhejiang, China) and purified using a CD8+ T Cell Isolation Kit (Invi-
trogen 11348D). CD8+T cells were cultured in RPMI 1640 medium
(Gibco 11875101) containing 30U/mL IL-2 (Gibco PHC0021). Cell purity,
assessed by flow cytometry using anti-CD3+ T cell antibody (Biolegend
317308) and anti-CD8+T cell antibodies (Biolegend 344722, 344706),
exceeded 95%, meeting experimental standards73. All materials were pur-
chased from Sigma and Thermofisher.

Fig. 11 | Molecular mechanism diagram of IFN-α
inducing CD8+ T cell exhaustion and reducing
tumor cell Ferroptosis through the HSPA6-
DNAJB1 axis.
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Single-cell cDNA library preparation and quality control analysis
of scRNA-seq datasets
CD8+Tcellswere loadedonto the10xGenomicsChromiumchip following
the manufacturer’s protocol. Gel bead-in-emulsion (GEM) formation was
achieved by mixing single-cell suspension, gel beads, and oil in the 10x
Genomics Chromium controller. After droplet formation, samples were
transferred to PCR tubes and reverse transcribed on a T100 Thermal Cycler
(Bio-Rad) at 53 °C for 45min, followed by 85 °C for 5min and then held at
4 °C. The generated cDNA was amplified, and its quality was assessed using
anAgilent Bioanalyzer 2100. Librarieswere constructed by adding P5 andP7
primers, Read 2 (reads 2 sequencing primer site), and Sample Index, followed
byquality control checksbefore sequencingonan IlluminaHiSeq4000PE125
platform. The obtained sequencing data were further analyzed using 10xCell
Ranger (version 2.2.0) to convert the base call files (BCLs) from the Illumina
sequencer to FASTQ files for alignment, filtering, barcode, and UMI
counting. Human reference transcriptome read alignment was carried out
with STAR (Spliced Transcripts Alignment to a Reference). Cell Ranger was
employed for primary quality control (QC) to generate high-quality data.

Data processing and analysis of single-cell sequencing
The R software was used to classify normal and cancer cells in the dataset.
The data was subjected to quality control, standardization, and filtering
using Seurat, with the following criteria: min. cell = 3 & min. feature = 50,
nFeature_RNA > 500, nCount_RNA> 1000, nCount_RNA< 20000, and
percent.mt <25. The correlation between the number of genes and
sequencing depth was analyzed using the Pearson correlation coefficient.
The dimensionality-reduced single-cell RNA sequencing data was further
analyzed using PCA and t-SNE algorithms, including clustering and non-
linear dimensionality reduction74. The R package “limma” was utilized to
normalize andmerge the expressionmatrices of normal and tumor samples
in various cancers. Differential analysis was performed using the criteria: |
log2FC | > 1 and p < 0.05. Subsequently, the R language package “Cluster-
Profiler” was employed for GO and KEGG enrichment analysis of differ-
entially expressed genes, with p < 0.05 as the selection criterion.
GeneMANIA (http://genemania.org/) and Coexpedia (https://www.
coexpedia.org/) databases were used to identify downstream factors of key
differentially expressed genes in order to validate their co-expression rela-
tionship with T cell exhaustion marker genes.

TCGA data download and organization
TodownloadTCGApan-cancer transcriptomedata andclinical data, please
visit the UCSC database (http://xena.ucsc.edu/). Use Perl scripting to
organize these transcriptome data. To obtain a gene set associated with
Ferroptosis, visit the Ferrdb website. Within this gene set, you can also find
interferon-related genes (IRGs). Subsequently, extract the expression levels
of IRGs from the pan-cancer dataset using the R package “limma” and
analyze the differential expression of these genes in tumor and normal
tissues across different cancer cases, as well as their correlation with gene
expression. Finally, merge the IRG genematrix from the pan-cancer dataset
with survival information using the R software and analyze the association
between IRGs and adverse prognosis using the “survival” package33.

Culturing CD8+ T cells
To induce T cell exhaustion, CD8+ T cells were cultured continuously for
8days. Every 48 h,RPMI1640mediumsupplementedwith 30U/mLof IL-2
and Dynabeads™ CD3/CD28 (Thermofisher 11161D) was used for passa-
ging. Throughout the entire process, recombinant human IFN-α (Sigma
1000 U/mL) was added. Subsequently, cells were incubated in the medium
for 48 h and stimulated with Dynabeads™ CD3/CD28 for 4 h. Cells were
collected for the detection of various parameters33.

Co-culture systems for cells
In order to assess the impact of transfected CD8+T cells on tumor cells, we
employed a cell Transwell co-culture system. A 0.4 µm Transwell chamber
(3412, Corning, USA) was utilized for the co-culture of CD8+T cells and

tumor cells. Tumor cells were placed in the upper chamber with a density of
2 × 105/mL, while CD8+T cells were placed in the lower chamber with a
density of 1 × 106/mL. The co-culture was conducted for 48 h, after which
tumor cellswere extracted for further analysis75. In our experiments involving
antibodies, we co-incubated an IgG antibody (BioXCell, BE0297) and a
neutralizing antibody against IFN-γ (BioXCell, BE0235) in tumor cells fol-
lowing IFN-γ stimulation. Subsequently, the tumor cells were subjected to
further analysis according to the methods stated in a previous publication76.

Transfection of cells
Togenerate the following cell lines (SupplementaryTable 1), we employed a
lentiviral-mediated transduction method: the silencing of HSPA6 in
CD8+ T cells (sh-HSPA6), the silencing of DNAJB1 in CD8+T cells (sh-
DNAJB1), and a control group (sh-NC). Plasmids for the silencing of
HSPA6 and DNAJB1, as well as their corresponding derivative lentiviruses,
were obtained from Hanheng Biotechnology Co., Ltd. in Shanghai, China.
The plasmids and helper plasmids were co-transfected into 293 T cells (bio-
73410) to generate packaged lentiviruses, which were subsequently vali-
dated, amplified, and purified. For lentiviral-mediated cell transduction,
5 × 105 cells were seeded in a 6-well plate.When the cell confluence reached
70–90%, an appropriate amount of packaged lentivirus (MOI = 10,working
titer approximately 5 × 106TU/mL) and 5 μg/mL polybrene (Merck, TR-
1003, USA) were added to the medium for transduction. Four hours after
transduction, an equal volume of medium was added to dilute the poly-
brene, and the fresh medium was replaced after 24 h. To select stably
transfected cell lines, 1 μg/mLpuromycin (ThermoFisher,A1113803,USA)
was added 48 h post-transduction. All lentiviruses were transduced into
extracted CD8+ T cells at a concentration of 5 µg/mL puromycin
(A1113803, Gibco) with an MOI of 1072.

Flow cytometry
Cell counting technology was employed to calculate the quantity and con-
centration of exhausted T cells. For cell surface staining, cells were resus-
pended in 2%PBS and then incubatedwith the following antibodies forflow
cytometry detection: anti-CD279 (PD-1, 557946, BD), anti-TIM3 (565558,
BD), anti-CD223 (LAG3, 369307, BioLegend), anti-CTLA4 (369606, Bio-
Legend), anti-Ki67 (558616, BD), and anti-CD69 antibodies (310904, Bio-
Legend).After incubationon ice for 30min, the cellswerewashed twicewith
2% PBS and then subjected to flow cytometry analysis. For intracellular
staining, cells were fixed and permeabilized, followed by incubation with
fluorochrome-conjugated anti-IL-2 (500310, BioLegend), anti-IFN-γ
(502515, BioLegend), and anti-TNF-α antibodies (559321, BD) at 4 °C for
30min before flow cytometry analysis. Cell viability and apoptosis levels
were assessed using the BeyotimeCell ProliferationAssay Kit (C0009S) and
Apoptosis Assay Kit (C1062L), respectively. For cells requiring cytokine
detection, T cells were stimulated with a cell stimulation mixture (phorbol
12-myristate 13-acetate, ionomycin, Brefeldin A, and monensin in the
presence of a protein transport inhibitor, 00-4975-93, ThermoFisher) at
37 °C for 6 h, followed by staining as needed. Cell flow cytometry was
conducted using the FACSAria IICell Sorter fromBDBiosciences, anddata
analysis was performed using FlowJo software (TreeStar)77. All materials
were purchased from BD, BioLegend, and ThermoFisher.

Immunoprecipitation experiment (Co-IP)
Initially, cells were cultured to appropriate density, the supernatant was
removed, and cells werewashedwith 2mL of chilled PBS solution. After the
complete removal of PBS, 400 μL of IP lysis buffer (Beyotime P0013B) was
added, and the cells were lysed on ice for 15min. The proteins were scraped
off using a cell scraper, transferred to a 1.5mL Eppendorf tube, and soni-
cated at 4 °C using an ultrasonic homogenizer. Subsequently, the protein
suspension was centrifuged at 4 °C for 15min, and the supernatant was
collected as the desired protein. Next, the 400 μL protein solution was
divided into three parts: the first part for whole-cell protein preparation, the
secondpart for the IgGgroup, and the third group for the IP group. Thefirst
group was directly mixed with 5× loading buffer to prepare the whole-cell
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lysate (WCL). The second group had 5 μL of IgG antibody added (Ther-
mofisher #MA5-42729), and the third group had HSPA6 antibody added
(Thermofisher #PA5-87019, 1:100) for overnight incubation. The following
day,magnetic beads (Thermofisher#80106G)were addedand incubated for
3 h to form a protein-antibody-magnetic bead complex. The complex was
centrifuged in a 4 °C cold centrifuge, washed three times with RIPA lysis
buffer (BeyotimeP0013B), andfinally, themagnetic beadpelletwas retained
and mixed with 2× loading buffer to prepare protein loading samples.
Ultimately, the samples were subjected to standard protein electrophoresis
procedures, incubatedwith the corresponding antibodies, developed in a gel
imaging system, and the experimental results were saved for subsequent
analysis78.

ELISA assay
CD8+ T cells or tumor tissues were collected and dispersed, followed by
lysis. After centrifugation, the supernatant of the lysate was collected, and
the levels of IFN-γ (H025-1),MDA(S0131M,Beyotime), andLPO(A106-1,
Nanjing Jiancheng) were determined using an enzyme-linked immuno-
sorbent assay (ELISA) method provided by the reagent supplier, Nanjing
Jiancheng79.

RT-qPCR assay
First, total RNA was isolated from cells and tissues. Tissues (100mg each)
were homogenized in 1mL TRIzol reagent (10296010, Thermo Fisher),
followed by the addition of 200 μL chloroform and vigorous mixing. The
mixture was then centrifuged at 4 °C, 12,000 g, for 10min. The supernatant
was collected, and RNA was precipitated by mixing with 500 μL iso-
propanol. The RNA was dissolved in RNase-free water (10-30 μL) and
quantified using aNanodrop spectrophotometer (Nanodrop 3300, Thermo
Fisher). Reverse transcription was performed on 1 μg of total RNA using
TaqMan Reverse Transcription reagents (N8080234, Thermo Fisher). PCR
analysis was performed on the samples using the PowerUp SYBR Green
PCR Master Mix (A25741, Thermo Fisher). The mRNA levels of COX2,
ACSL4, NOX1, and GPX4, as Fe-induced cell death markers, were deter-
mined using GAPDH as the internal control, and the relative expression
levels of each gene were analyzed using the 2−ΔΔCT method80,81. The primer
sequences are provided in Supplementary Table 2.

Western blot
Total protein from cells and tissues was extracted using RIPA lysis buffer
(Beyotime P0013B) containing 4% protease inhibitor, following the
manufacturer’s instructions (1 mL per 100 mg of tissue). The protein
concentration was determined using the BCA protein assay kit (Beyo-
time P0010S). Equal amounts of protein samples were loaded onto a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and subsequently transferred to a PVDF membrane (Beyotime
FFP24) using a wet transfer method. The membrane was blocked in
TBST (5 mL) containing 5% skimmed milk (Beyotime P0216-300 g) at
room temperature for 1 h and then incubated overnight at 4 °C with the
following primary antibodies: HSPA6-70 kDa (Thermo Fisher #PA5-
87019, 1:500), DNAJB1-40 kDa (Thermo Fisher #PA5-17382, 1:500),
and GAPDH-36 kDa (Thermo Fisher #PA1-987, 1:500). The afore-
mentioned primary antibodies were purchased from Thermo Fisher.
After washing with TBST, the membranes were incubated with a
horseradish peroxidase-conjugated goat anti-rabbit secondary antibody
(Beyotime A0208, 1:1000) for 1 h. Then, themembranes were developed
using the ECL chemiluminescence detection system (Beyotime
P0018FS) and visualized with the ChemiDoc XRS+ system (Bio-Rad).
The protein quantification analysis was performed using ImageJ soft-
ware by determining the ratio of the intensity of each protein to the
intensity of the reference protein, GAPDH82. Three independent
experiments were conducted for reproducibility. Please refer to Sup-
plementary Fig. 4 for full, un-cropped images of all blots

Culturing tumor cell lines
Human colon cancer cells HT-29 (Bio-73059), human liver cancer cells
HuH-7 (Bio-73061), human lung cancer cells A-549 (Bio-72958), human
cervical cancer cells HeLa (Bio-73042), human breast cancer cells MCF-7
(Bio-73090), human gastric cancer cells MKN-45 (Bio-73233), and human
skin melanoma cells SK-MEL-1 (Bio-73381) were obtained from the Chi-
nese Microorganism Culture Collection Center (Biobw, China). All cells
were cultured in DMEM medium (11965092, Gibco) supplemented with
20% fetal bovine serum (FBS, 12483020, Gibco), 2mM L-glutamine
(A2916801, Gibco), 100 units/mL penicillin, and 100 µg/mL streptomycin
(15140148, Gibco) at 37 °C in a 5% carbon dioxide incubator. These
materials were purchased from Thermo Fisher72.

Generation of animal models
After subcutaneous injection of 4 × 106 SK-MEL-1 cells intoNOGmice, the
mice were randomly divided into four groups: con group (intravenous
injection of normal CD8+ T cells not transfected with lentivirus + intra-
peritoneal injection of IgG1 isotype antibody), anti-PD-1 group (intrave-
nous injection of normal CD8+T cells not transfected with lentivirus +
intraperitoneal injection of anti-PD-1 antibody), sh-NC+anti-PD-1 group
(intravenous injection of control lentivirus-transfected CD8+ T cells +
intraperitoneal injection of anti-PD-1 antibody), and sh-HSPA6+anti-PD-
1 group (intravenous injection of sh-HSPA6 lentivirus-transfected
CD8+ T cells + intraperitoneal injection of anti-PD-1 antibody), with 6
mice per group. The con group and anti-PD-1 group were injected with
normalCD8+Tcells not transfectedwith lentivirus via tail vein injection at
a dose of 2 × 106 cells/100 µLPBS83. The sh-NC+anti-PD-1 group was
injected with control lentivirus-transfected CD8+ T cells at a dose of
2 × 106 cells/100 µLPBS83. The sh-HSPA6+anti-PD-1 group was injected
with sh-HSPA6-lentivirus transfected CD8+ T cells at a dose of 2 × 106

cells/100 µLPBS83. Except for the con group, the other three groups of mice
were given a dose of 2mg anti-PD-1 antibody (329902, BioLegend) per 1 kg
of body weight. The anti-PD-1 antibody was dissolved in 100 µL PBS and
administered by intraperitoneal injection for PD-1 blockade therapy twice a
week. The con group was injected with an equal dose of IgG1 isotype
antibody (401402, BioLegend)84.Mice were observed every 5 days, and after
30 days, approved animal experiments were performed to investigate tumor
tissue. The functionality of CD8+T cells in tumor tissue was evaluated by
flow cytometry83.

Acquisition of mouse CD8+ T cells
The method for obtaining CD8+ T cells from tumor tissue is as follows29.
First, the tumor tissue is cut into 1–2mm pieces and incubated with a final
concentration of 30 μg/ml DNase I (D7076, Beyotime), 0.1mg/ml hyalur-
onidase (ST1384, Beyotime), and 1mg/ml collagenase (ST2303, Beyotime)
at room temperature with gentle shaking for 2 h. Subsequently, a single-cell
suspension is prepared by passing through a 70 μm filter and layered onto
10ml of Ficoll-Paque (10771, Sigma). Centrifugation at 400 g and 20 °C for
30min separates the lymphocyte layer as a milky interphase. Next, the
isolated cells are further purified using aCD8+ T cell isolation kit (11348D,
Invitrogen). To ensure purity meeting experimental standards, the isolated
cells are subjected to flow cytometry analysis using anti-CD3+T cell
antibodies (317308, Biolegend) and anti-CD8+T cell antibodies (344722,
344706, Biolegend), aiming for purity exceeding 95%.

Statistical analysis
All data were analyzed using the SPSS 21.0 statistical software produced by
IBM. Numerical data were reported as mean ± standard deviation. Com-
parisons between two groups were conducted using an independent t test,
while comparisons among multiple groups were performed using one-way
analysis of variance (ANOVA). For data comparisons at different time
points, we utilized repeated measures ANOVA. Statistical significance was
considered when p < 0.05, p < 0.01, or p < 0.001.
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Data availability
All sequencing data generated and analyzed during this study have been
deposited in a community-endorsed public repository as required by the
Nature Portfolio data availability policy. The data are available in the
SequenceReadArchive (SRA), which is part of the InternationalNucleotide
Sequence Database Collaboration (INSDC), under BioProject accession
number PRJNA1140668. The submission ID for this project is
SUB14628138.

The following accession codes have been assigned:
Disease group:
SRR30009925
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