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Ferroptosis: friend or foe in cancer immunotherapy?
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ABSTRACT
Ferroptosis has gained interest due to it immunogenicity and the higher sensitivity of cancer cells to it. 
However, it was recently shown that ferroptosis in tumor-associated neutrophils leads to immunosup-
pression and negatively impacts therapy. Here, we discuss the potential implications of the two sides 
(friend versus foe) of ferroptosis in cancer immunotherapy.
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Cell death is an indispensable part of life since it is involved in 
various aspects of development, homeostasis and pathophysio-
logical processes. For a long time, cell death had been classified 
dichotomously, with only two ways for a cell to die: by regu-
lated apoptosis or by uncontrolled necrosis. However, during 
the last decades, several cell death modalities have been identi-
fied and classified, according to the Nomenclature Committee 
on Cell Death1, as accidental cell death (necrosis) or as regu-
lated cell death (RCD), which includes ferroptosis.

Ferroptosis, first identified in 2012 by Brent Stockwell,2 is 
a non-apoptotic form of RCD driven by the iron-dependent 
accumulation of lipid reactive oxygen species and lipid perox-
idation-mediated membrane damage. It results from a redox 
imbalance between the production of oxidants and antioxi-
dants due to the abnormal expression and activity of multiple 
redox-active enzymes that produce or remove free radicals and 
lipid oxidation products.3,4

Since cancer cells have a high demand for iron uptake, 
which renders them vulnerable to ferroptosis induction, fer-
roptosis has recently gained widespread interest due to its 
therapeutically favorable role in cancer treatment. In this 
regard, it has been shown that early ferroptosis of cancer cells 
can be accompanied by signs of immunogenic cell death (ICD), 
such as emission of damage-associated molecular patterns 
(DAMPs), including ATP and HMGB1, which mediate the 
activation and maturation of dendritic cells and induce 
a strong anti-tumor immunity.5,6 The immunogenicity of fer-
roptotic cancer cells was further confirmed and other DAMPs 
required for ferroptotic immunogenicity (i.e. decorin) have 
been identified.7 However, it was recently demonstrated that 
ferroptosis in tumor-associated neutrophils is linked to cancer 
immunosuppression.8

The balance between immunogenic ferroptosis and immu-
nosuppressive ferroptosis remains an open question. It was 
shown that ferroptosis induced by RSL3 in pathologically acti-
vated neutrophils (PMNs), named myeloid-derived suppressor 

cells (PMN-MDSCs), might have the opposite effect and 
induce cancer immunosuppression8 (Figure 1).

In particular, tumor-infiltrating neutrophils are more sus-
ceptible to ferroptosis compared to peripheral blood neutro-
phils. Using RNA sequencing, a specific ferroptosis signature 
was detected in tumor neutrophils isolated from cancer 
patients but not in peripheral neutrophils, with eight ferropto-
sis-related genes being significantly upregulated. In addition, 
only tumor PMN-MDSCs contained higher levels of oxidized 
phosphatidylethanolamine, which is associated with 
ferroptosis.4 Compared to peripheral neutrophils, tumor 
PMN-MDSCs were also more sensitive to RSL3, an inhibitor 
of glutathione peroxidase 4 and thus an inducer of ferroptosis. 
These data clearly indicate that tumor-associated PMN- 
MDSCs undergo ferroptosis.

When PMN-MDSCs were treated with RSL3 for two 
hours, which is consistent with the condition of early 
ferroptosis,5 PMN-MDSCs did not gain immunogenic 
properties. Furthermore, CD8+ T-cell proliferation was 
reduced if the cells are brought into contact with the RSL3- 
treated PMN-MDSCs, indicating an immunosuppressive 
effect (Figure 1). To further confirm the role of ferroptosis 
in the immunosuppressive nature of PMN-MDSCs, the cells 
were treated with the ferroptosis inhibitor liproxstatin-1, 
which did block their immunosuppression. Importantly, 
this effect was specific to tumor PMN-MDSCs but absent 
in spleen PMN-MDSCs. It is conceivable that the immuno-
genic properties of ferroptosis are cell-type dependent and, 
as such, the tumor microenvironment might play an impor-
tant role in the modulation of ferroptosis immunogenicity 
(Figure 1).

Ferroptosis-mediated immunosuppression can be caused 
by different factors, such as the release of proinflammatory 
factors or hypoxia. For instance, it was observed that genes 
involved in the synthesis of prostaglandin E2 (PGE2) were 
expressed at higher levels, and that inhibition of PGE2 
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production by blockade of cyclo-oxygenase-1 and -2 
reduced the immunosuppressive potential of PMN-MDSCs 
(Figure 1), indicating the involvement of other molecules in 
PMN-MDSCs immunosuppression.

Furthermore, lipid species containing esterified PGE2 were 
found to have an immunosuppressive effect. In particular, 
these PGE2-containing lipids extracted from RSL3-treated 
PMN-MDSCs significantly reduced T-cell proliferation, high-
lighting their role in immunosuppression. The importance of 
oxidized lipids in ferroptosis is undeniable, but their role in 
immunomodulation during ferroptosis is not completely 
clear.4

It has already been shown that hypoxia induces potent 
immunosuppression mediated by ferroptosis in PMN- 
MDSCs. Indeed, it has been demonstrated that hypoxia can 
sensitize cancer cells to ferroptosis via acidosis.9 During acido-
sis, n-3 and n-6 poly-unsaturated fatty acids (PUFAs) accumu-
late in lipid droplets, where they can undergo peroxidation 
leading to cytotoxic effects via ferroptosis, but this has not 
been linked to immunosuppression. Though little is known 

about the effect of hypoxia in the induction of ferroptosis in 
PMN-MDSC, taking these data into account, one can assume 
that in the hypoxic and acidic tumor microenvironment, 
PUFAs in PMN-MDSC also accumulate in lipid droplets and 
undergo peroxidation, which might lead to ferroptosis- 
associated immunosuppression.

Finally, it has been reported that ferroptosis inhibition can 
also synergize with anti-PD-1 therapy.8 When tumor-bearing 
mice were treated with liproxstatin-1 and the immune check-
point inhibitor against PD-1, the tumors regressed, even in 
PD-1 resistant cancer types. Increased levels of CD8+ and 
effector memory T-cells were observed in the lymph nodes, 
indicating anti-tumor memory formation. Thus, inhibiting 
ferroptosis of cells of the tumor microenvironment might be 
an interesting strategy for cancer immunotherapy. These 
data8 were mainly obtained from murine models. 
Nevertheless, a negative correlation was observed between 
high ferroptosis gene levels in PMN-MDSCs and survival, 
indicating that ferroptosis in PMN-MDSCs decreases patient 
survival.

Figure 1. The multiple facets of ferroptosis in the modulation of immune responses in cancer. During ferroptotic cell death, and specifically in the early stages, 
certain DAMPs (i.e., stimulary DAMPs) are released, such as ATP, HMGB1 and decorin. When ferroptotic cancer cells are co-cultured with dendritic cells (DCs), they induce 
their activation and maturation (e.g., higher expression of MHCII, CD80 and CD86 markers). Moreover, prophylactic vaccination of mice with early ferroptotic cancer cells 
results in increased tumor protection and activation of an adaptive immune response. However, it has been shown that ferroptotic cancer cells can also be 
immunosuppressive under certain experimental conditions. The balance between inhibitory and stimulatory DAMPs during ferroptosis might determine the final 
immunological effect of ferroptotic cancer cells. Ferroptosis-derived PGE2 might function as an inhibitory DAMP (iDAMP) counteracting the immunostimulatory DAMPs 
in the context of ferroptosis. Importantly, the oxidative state of DAMPs and antigens during ferroptosis may also be changed, setting up a vicious cycle leading to 
immunosup-pressive ferroptosis. Tumor PMN-MDSCs have higher levels of oxidized PE in the cell membrane. Induction of ferroptosis in PMN-MDSCs causes the 
production and release of PGE2, and when ferroptotic PMN-MDSCs are co-cultured with CD8+ T cells, they decrease their proliferation. Moreover, in co-culture, 
ferroptotic Jurkat cells have been shown to limit the immune response-related genes of DCs. The knockdown of GPX4 in cancer cells induces lipid ROS production and 
DAMPs (e.g., ATP, HMGB1, CRT) release, however, ferroptotic cancer cells fail to protect mice against tumors in the prophylactic vaccination model. It was reported that 
blocking ferroptosis with liproxstatin-1 (together with anti-PD-1 therapy) in tumour-bearing mice reactivates the immune response and results in tumor regression.
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The groups led by Dmitry Gabrilovitch and Valerian 
Kagan8 unraveled the immunosuppressive part of ferroptosis 
in immune cells. In this context, it has been shown that fer-
roptotic Jurkat cells (an immortalized line of human 
T lymphocytes) suppressed the expression of genes associated 
with the adaptive immune response in dendritic cells, pointing 
to an immunosuppressive role of ferroptotic immune cells.10 In 
this work, immunosuppression of ferroptotic cancer cells was 
also observed, as these cells decreased cross-presentation in 
dendritic cells.10 A strong increase in lipid peroxidation 
occurred in the early phase of ferroptosis, which might lead 
to the oxidation of antigens11 and DAMPs, including 
HMGB1,12 changing their antigenic and adjuvant potential, 
respectively, and thus eventually affecting the immunogenicity 
of ferroptosis.

The data presented by Kim and colleagues suggest a much 
more complicated view of ferroptosis than previously thought 
(Figure 1). It is now clear that the immunogenicity of ferrop-
tosis depends not only on the cell death stage5 and experimen-
tal conditions (i.e., drug-induced inhibition of GPX45 versus 
genetic ablation of GPX410), but also on the cell type. It is also 
conceivable that the immunosuppressive nature of ferroptotic 
cancer cells10 can be due to a rapid modification of the oxida-
tive state of DAMPs12 and antigens11 leading to modulation of 
ferroptosis immunogenicity. Moreover, ferroptosis-derived 
PGE2

8 may function as an inhibitory DAMP 
(iDAMP)13counteracting the immunostimulatory DAMPs in 
the context of ferroptosis. Obviously, knowledge of the precise 
interplay and balance between immunostimulatory and inhi-
bitory DAMPs during ferroptosis and their functional conse-
quences is limited, and more work is required to understand 
their role in the immune modulation dictated by ferroptosis in 
cancer therapy. Before targeted or cell type-specific ferroptosis 
induction or inhibition might be used in the clinic, it will be 
interesting to see how ferroptosis affects the other cells in the 
tumor microenvironment and how they interact with each 
other. The tight balance between the immunostimulatory 
(friend) and the immunosuppressive (foe) sides eventually 
determines the translational potential of ferroptosis for cancer 
immunotherapy.
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