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Ferroptosis in infection, inflammation, and immunity

Xin Chent?@®, Rui Kang*®, Guido Kroemer*>678@®, and Daolin Tang"*®

Ferroptosis is a type of regulated necrosis that is triggered by a combination of iron toxicity, lipid peroxidation, and plasma
membrane damage. The upstream inducers of ferroptosis can be divided into two categories (biological versus chemical) and
activate two major pathways (the extrinsic/transporter versus the intrinsic/enzymatic pathways). Excessive or deficient
ferroptotic cell death is implicated in a growing list of physiological and pathophysiological processes, coupled to a
dysregulated immune response. This review focuses on new discoveries related to how ferroptotic cells and their spilled
contents shape innate and adaptive immunity in health and disease. Understanding the immunological characteristics and
activity of ferroptotic death not only illuminates an intersection between cell death and immunity but may also lead to the
development of novel treatment approaches for immunopathological diseases.

Introduction

In healthy tissues, cell death is an evolutionarily conserved
process that maintains a stable cell population by removing
superfluous, damaged, or aged cells. The direct consequence of
this process is that >150 billion dead cells are routinely produced
every day in the human body (Bianconi et al., 2013). Clearing
these dead cell corpses without destroying healthy neighboring
cells through phagocytosis (within tissues) or shedding (from
epithelial surfaces) plays a vital role in sustaining cell homeo-
stasis (Boada-Romero et al., 2020; Doran et al., 2020; Martinez
etal., 2011; Qu et al., 2007). A dysregulated cell death machinery
as well as abnormal host response are hallmarks of multiple
pathologies, including cancer and inflammation-related dis-
eases, such as coronavirus disease 2019 (Barnes et al., 2020;
Tang et al., 2020). For this reason, deconvoluting the risk factors
and outcomes of cell death may be important for the develop-
ment of new therapeutic strategies.

A large number of regulated cell death (RCD) modalities have
been identified. Such RCD subroutines involve different signal
transductions, molecular mechanisms, and immunological out-
comes (Tang et al., 2019). Although apoptosis may occur, at least
in some cases, in a caspase-independent manner, RCD is gen-
erally divided into apoptotic and nonapoptotic subgroups, based
on the response to pharmacological or genetic inhibition of
caspases (which constitute a cysteine protease family; Galluzzi
et al., 2018). Hence, cell death that is not slowed down in its
kinetics by caspase inhibition generally is considered to be

“nonapoptotic.” Among these nonapoptotic RCD modalities,
ferroptosis was originally discovered as an iron-dependent cell
death in cancer cells (Dixon et al., 2012), but recently has at-
tracted great attention due to its extensive implications in health
and disease (Jiang et al., 2021a; Stockwell et al., 2020; Tang et al.,
2021), coupled to significant effects on metabolism and immu-
nity. Genetic, biochemical, and imaging methods have suggested
that ferroptosis is mechanistically different from the other three
most studied forms of RCD, namely apoptosis, necroptosis, and
pyroptosis (Tang and Kroemer, 2020). Accordingly, an emerging
area of basic and applied research explores the heterogeneous
mechanisms that trigger ferroptosis and its interaction with the
immune system.

In this review, we focus on the impact of ferroptosis on in-
nate and adaptive immunity; discuss its implication in infection,
inflammation, and immune diseases; and highlight some sug-
gestions to guide this research field.

Signaling and process of ferroptosis

In the past 5 yr, combining genetic technology and pharmaco-
logical approaches, our understanding of the molecular ma-
chinery of ferroptosis has rapidly improved and been fine-tuned
at the epigenetic, transcriptional, and posttranslational levels
(Chen et al., 2020a). In general, ferroptosis is a type of oxidative
cell death driven by lipid peroxidation. Various oxidation and
antioxidant pathways couple autophagy and membrane repair
mechanisms to shape the process of lipid peroxidation and
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Figure 1. Core mechanisms of ferroptosis. (a and b) The initiation of ferroptosis requires two key signals, namely the inhibiting antioxidant SLC7A11-GSH-
GPX4 system and the accumulation of free iron. This process is further regulated by epigenetic, transcriptional, and posttranslational mechanisms. For ex-
ample, the expression and activity of SLC7A11 is regulated by protein-protein interaction (e.g., by BECN1), gene expression (e.g., by NFE2L2, TP53, and BAP1),
and protein stabilization (e.g., by OTUB1), whereas autophagy promotes ferroptosis partly by degrading GPX4 or ferritin. Alternatively, CoQ10 or tetrahy-
drobiopterin (BH4) inhibits ferroptosis independently of GSH. (c) The generation of polyunsaturated phospholipid (by ACSL4 and LPCAT3) or PUFA-ePL (by
peroxisomal enzymes) and subsequent activation of ALOX have a main role in promoting lipid peroxidation. This process requires hydrogen peroxide (H,0,)
production from an iron-mediated Fenton reaction or the activation of POR, NOX, or mitochondria electron transport chain pathways. (d) At the final step of
ferroptosis, lipid peroxidation or its secondary products (e.g., 4-HNE and MDA) directly or indirectly induce pore formation in plasma or organelle membrane,
which eventually triggers cell death. The lysosomal enzyme CTSB mediates ferroptosis by transporting to the nucleus and inducing DNA damage or histone H3
cleavage. In contrast, endosomal sorting complex required for transport-lil (ESCRT-IIl)-mediated membrane repair prevents ferroptotic cell death and/or

DAMP release.

plasma membrane damage during ferroptosis (Fig. 1). Com-
plementing previous reviews (Jiang et al., 2021a; Stockwell et al.,
2020; Tang et al., 2021), here we summarize the key ferroptotic
signaling pathways that can be initiated in a heterogeneous
fashion in response to a variety of different triggers but then
converge on a common machinery of cell destruction.

Initial signals

Our initial understanding of the molecular mechanisms con-
trolling ferroptosis came from studies using small-molecule
compounds that selectively kill cancer cells with oncogenic RAS
mutations (Dolma et al.,, 2003). Therefore, for a long time, the
RAS-RAF-mitogen-activated protein kinase kinase-extracellular-
regulated kinase (ERK signaling cascade) was considered a unique
ignitor of ferroptotic cell death. However, subsequent studies have
shown that ferroptosis can occur in a way that does not depend on
RAS, especially in the context of tissue damage caused by drugs or
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environmental stresses (e.g., ischemia reperfusion injury and
circadian clock disturbance). Currently, two key initial signals
have been proposed to trigger ferroptosis: (a) excessive iron ac-
cumulation and (b) the inhibition of glutathione peroxidase 4
(GPXx4).

Iron is an essential element, but iron overload can cause
various cell deaths, including ferroptosis (Dixon et al., 2012). In
theory, increasing the concentration of free intracellular iron by
intervening at any level of iron metabolism (including its ab-
sorption, storage, utilization, and outflow) can induce ferrop-
tosis (Chen et al., 2020b). For example, degradation of the iron
storage protein ferritin by ferritinophagy promotes ferroptosis
(Gao et al., 2016; Hou et al., 2016). The production of iron-
mediated ROS mediated by the Fenton reaction or the oxidation
of iron-binding enzymes eventually triggers lipid peroxidation
during ferroptosis. An unresolved question is why other metal
ions fail to induce ROS-dependent ferroptosis. It also remains to be
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determined how different ROS generators, such as dysfunctional
mitochondria (Gao et al., 2019) and dipeptidyl peptidase 4
(DPP4)-mediated nicotinamide adenine dinucleotide phos-
phate oxidase (NOX) activation (Dixon et al., 2012; Xie et al.,
2017; Yang et al., 2019), may synergize with iron toxicity to
cause fatal lipid peroxidation.

GPX4 is a glutathione (GSH) and selenium-dependent gluta-
thione peroxidase that can detoxify lipid hydroperoxides formed
during oxidative stress. The production of GSH, a cysteine-
containing tripeptide and important intracellular antioxidant,
mainly depends on amino acid antiporter system xc-mediated
cystine uptake and the attendant reduction of cystine to cys-
teine (Dixon et al., 2012) or, alternatively, on the generation of
cysteine through the transsulfuration pathway regulated by
cysteinyl-transfer RNA synthetase 1 (CARS1; Hayano et al.,
2016). The pharmacological inhibition of system xc~ (e.g., us-
ing erastin, sorafenib, and sulfasalazine) or GPX4 (e.g., using
RSL3, FIN56, and ML210) is a so-called classical chemical
method that induces ferroptosis. The inhibition of GSH syn-
thesis by cystine starvation not only triggers GSH depletion,
but also induces the accumulation of glutamate to promote
ferroptotic cell death (Kang et al., 2021). Moreover, system xc~,
in particular its key subunit solute carrier family 7 member 11
(SLC7A11/xCT), is regulated by multiple mechanisms for con-
trolling its activity, such as protein-protein interactions (e.g.,
by beclin 1 [BECN1]; Song et al., 2018), gene expression (e.g., by
nuclear factor erythroid 2-like 2 [NFE2L2/NRF2]; Chen et al.,
2017; tumor protein p53 [TP53]; Jiang et al., 2015; and BRCA1-
associated protein 1 [BAP1]; Zhang et al., 2018) and protein
stabilization (e.g., by ovarian tumor deubiquitinase, ubiquitin
aldehyde binding 1 [OTUBL]; Liu et al., 2019). In addition to
inhibiting GPX4 activity, several ferroptosis activators also
cause GPX4 degradation in an autophagy- or ubiquitin-proteasome
system-dependent manner (Liu et al., 2021; Wu et al., 2019b; Yang
et al., 2020; Zhu et al., 2017).

Other internally synthesized antioxidants (e.g., resulting
from apoptosis-inducing factor mitochondria-associated 2 [AIFM2/
FSP1]-mediated coenzyme Q production; Bersuker et al., 2019;
Doll et al., 2019; and GTP cyclohydrolase 1-regulated tetra-
hydrobiopterin synthesis; Kraft et al., 2020) play an alterna-
tive role in reducing ferroptotic cell death. An increased cell
density, adhesion, and connection can limit the initiation of
ferroptosis in cancer cells partly through Hippo pathway-
mediated cadherin 1 expression or the activation of the in-
tegrin pathway (Brown et al., 2017; Wu et al., 2019a; Yang et al.,
2019). After initiation, ferroptosis can spread from cell to cell ina
wave-like manner (Katikaneni et al., 2020; Kim et al., 2016;
Linkermann et al., 2014; Riegman et al., 2020), which likely
causes widespread tissue damage. Ferroptosis may be further
doubly regulated by an amino acid sensor: mechanistic target of
rapamycin kinase (Baba et al., 2018; Conlon et al., 2021; Liu et al.,
2021; Yi et al., 2020; Zhang et al.,, 2021) or an energy sensor:
adenosine monophosphate-activated protein kinase (AMPK; Lee
et al., 2020; Li et al., 2020a; Song et al., 2021; Song et al., 2018;
Zhao et al., 2020). These findings underscore the complexity and
plasticity of ferroptosis regulation, which is strongly affected by
the cellular context.
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Intermediate events

During ferroptosis, lipid oxidation occurs as an “intermediate
event.” Lipids are hydrocarbon-containing biomolecules that
form the basis of the structure and function of cellular mem-
branes. Although the sources, types, and functions of lipids vary,
in general terms, polyunsaturated fatty acids (PUFAs) and
monounsaturated fatty acids (MUFAs) play completely opposite
roles in ferroptosis due to their differential susceptibility to
oxidation (Zheng and Conrad, 2020). During ferroptosis, PUFAs,
especially arachidonic acids (AAs), are highly susceptible to
peroxidation, thus causing the destruction of lipid bilayers and
disrupting membrane function. The incorporation of PUFAs into
cellular phospholipids (especially phosphatidylethanolamine)
requires the contribution of specific enzymes involved in fatty
acid synthesis (acyl-coenzyme A [CoA] synthetase long-chain
family member 4 [ACSL4]) and lipid remodeling (lysophospha-
tidylcholine acyltransferase 3 [LPCAT3]). ACSL4 esterifies AA to
generate AA-CoA (Doll et al., 2017; Kagan et al., 2017; Yuan et al.,
2016), which is subsequently incorporated in phospholipid
membranes by LPCAT3 (Dixon et al., 2015; Doll et al., 2017).
Conversely, MUFAs generated by stearoyl-CoA desaturase
(Tesfay et al., 2019) or activated by ACSL3 (Magtanong et al.,
2019) inhibit ferroptosis by displacing PUFAs from phosphati-
dylethanolamine, thus reducing available substrates for lipid
peroxidation. In addition to free PUFAs, i.e., the polyunsaturated
ether phospholipids (PUFA-ePLs) synthesized in peroxisome
(Zou et al., 2020a), lysosomal degradation of lipid droplets by
lipophagy (Bai et al., 2019) or glutamine-derived anaplerotic flux
that provides a-ketoglutarate to the tricarboxylic acid cycle in
mitochondria (Gao et al., 2015) may also generate sources for
lipid peroxidation in ferroptosis. Finally, several lipid-peroxidizing
enzymes (e.g., lipoxygenases [ALOXs]; Chu et al., 2019; Kuang
et al,, 2021; Li et al., 2021; Wenzel et al., 2017; Yang et al., 2016;
and cytochrome P450 oxidoreductase [POR]; Yan et al., 2021; Zou
et al,, 2020b) catalyze the oxidation of PUFA to drive ferroptosis.
Additional studies will be needed to precisely determine the
dynamic relationship of lipid peroxidation reactions affecting
organellar membranes within the cell and the plasma membrane
at its surface.

End effectors

Although the literature on ferroptosis frequently alludes to
“effector” or “executioner” or “mediator” molecules, the last step
of the ferroptosis signal is still enigmatic. A ruptured and intact
plasma membrane is generally considered as a sign of necrotic
and apoptotic cell death, respectively. Caspase-3 is an effector of
apoptosis due to its ability to cleave proteins. Mixed-lineage
kinase domain-like pseudokinase and gasdermin D are effec-
tors of necroptosis and pyroptosis, respectively, because of their
capacity to form pores as they insert into the plasma membrane.
Although a cell-free system suggested that POR-mediated lipid
peroxidation has potential pore-forming ability (Yan et al.,
2021), it seems that POR only partially mediates ferroptosis.
Cathepsin B (CTSB) belongs to the family of lysosomal cysteine
proteases and has recently been regarded as one of the mediators
of ferroptosis through its ability to cause nuclear damage (Kuang
et al,, 2020; Nagakannan et al., 2021). However, the rupture of
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the lysosomal membrane that leads to CTSB activation is ob-
served in various lethal subroutines, suggesting that CTSB
cannot be a specific executor of ferroptosis. Another hypothesis
postulates that the effector of ferroptosis is not a protein but
rather a toxic lipid, such as 4-hydroxynonenal (4-HNE) or ma-
londialdehyde (MDA). However, so far there is no direct evi-
dence that these lipotoxic products attain concentrations high
enough to induce ferroptosis. Nevertheless, in the context of
oxidative reactions, yet-to-be-identified proteins may cause
membrane rupture, which can be repaired by the endosomal
sorting complex required for transport-III-dependent mem-
brane scission machinery (Dai et al., 2020c; Pedrera et al., 2020).

Ferroptosis in immune cells

The immune system is usually divided into two arms: innate
immunity and adaptive immunity. Ferroptosis impacts immune
cells in two fundamentally different ways. On one hand, fer-
roptosis affects the number and function of the immune cells
themselves. On the other hand, ferroptotic cells can be recog-
nized by immune cells and then trigger a range of inflammatory
or specific responses. In this section, we focus on the effects of
ferroptotic cell death on innate immune cells (macrophages and
neutrophils; Fig. 2) as well as on adaptive immune cells (T and B
lymphocytes; Fig. 3).

Macrophages

For the maintenance of homeostasis, macrophages constantly
remove unwanted cells, including cells that undergo cell death.
Human monocyte-derived macrophages are less effective in
phagocytosing ferroptotic Jurkat T cells as compared with their
apoptotic counterparts, likely because the latter express more
“eat me” signals, for example, in the form of phosphatidylserine
that is exposed on the outer leaflet of the plasma membrane
(Kloditz and Fadeel, 2019). This finding reinforces the notion
that nonapoptotic cell death, including ferroptosis, is more likely
to cause inflammation than apoptosis. In contrast, ferroptotic
cells can produce oxygenated phosphatidylethanolamines on the
outer plasma membrane that can be recognized by TLR2 on
macrophages, leading to the clearance of ferroptotic cells (Luo
et al., 2021).

Macrophages also participate in iron homeostasis by scav-
enging aged erythrocytes and recovering their iron. This may
trigger the ferroptosis of macrophages, thereby limiting
their immune activity. For example, the transfusion of re-
frigerator storage-damaged red blood cells leads to increased
erythrophagocytosis, which is reduced by ferroptosis in-
hibitor ferrostatin-1 in splenic red pulp macrophages (Youssef
et al., 2018). Similarly, exogenous ferric citrate-induced cell
death can be inhibited by ferrostatin-1 in bone marrow-derived
macrophages (BMDMs; Wang et al., 2017), documenting a direct
role for iron in triggering ferroptosis in macrophages. As a
stress protection mechanism, iron induces the up-regulation of
Slc7all mRNA by activating the ROS-NFE2L2 axis, which re-
duces ferroptotic cell death in BMDMs (Wang et al., 2017). In
contrast, Gpx4~/~ BMDMs are more sensitive to cell death in-
duced by bacterial infection or cytosolic LPS by pyroptosis, but
not by ferroptosis (Kang et al., 2018). These data indicate that
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SLC7A11 and GPX4 profoundly affect the regulation of several
cell death modalities in macrophages.

Macrophages can polarize their functions in a continuum
between two extremes (M1 versus M2) as they receive and in-
tegrate environmental signals (Murray, 2017). M1 macrophages
express CD16, CD32, CD80, CD86, CDé64, and nitric oxide syn-
thase 2 (NOS2/iNOS) as phenotypic markers, while CD163 and
CD206 are the major markers of M2 macrophages. LPS, IFN-y,
and TNF polarize macrophages toward the M1 phenotype,
thereby inducing the secretion of cytokines, such as IL-1, IL-12,
IL-18, and TNF (Murray, 2017). In contrast, M2 macrophage
activation can be induced by CSF1, IL-4, IL-13, IL-10, and TGFB1
(Murray, 2017). Functionally, M1 macrophages are proinflammatory,
while the M2 state is considered to be anti-inflammatory. An im-
balance of macrophage MI1-M2 polarization contributes to various
diseases or inflammatory conditions (Murray, 2017). Mounting ev-
idence suggests that macrophage polarization and ferroptosis can
influence each other at the cell-autonomous level or by communi-
cation with other cells in a context-dependent manner. On one hand,
compared with M2 microglia (brain macrophages), M1 cells
are resistant to ferroptosis due to the loss of arachidonate 15-
lipoxygenase (ALOXI15) activity secondary to NOS2-mediated
nitric oxide (NO) production, which finally promotes inflam-
matory responses (Kapralov et al., 2020). On the other hand,
ferroptotic pancreatic cancer cells release damage-associated molec-
ular patterns (DAMPs; e.g., mutant KRAS®?P and 8-hydroxyguanine
[8-0HG]) and cause inflammation-related immunosuppres-
sion through macrophage polarization in xenograft or transgenic
mouse models (Dai et al., 2020a; Dai et al., 2020b). Hypoxia-induced
down-regulation of nuclear receptor coactivator 4 (a cargo receptor
of ferritinophagy that promotes ferroptosis; Gao et al., 2016; Hou
etal., 2016) and TP53 polymorphisms (e.g., P47S) further reduce the
sensitivity of macrophages to ferroptosis (Singh et al., 2020). Since
different populations of macrophages in distinct tissues exhibit
highly heterogeneous transcription and epigenetic programs, it will
be important to carefully evaluate transcriptional profiles with re-
spect to their impact on ferroptosis sensitivity of macrophages.

Neutrophils

Neutrophil granulocytes are the first immune cells recruited to
sites of inflammation, where they fight pathogens through
phagocytosis, degranulation, and the release of neutrophil ex-
tracellular traps (NETs) coupled to the death of the cells. The
activation of NOX (Bianchi et al., 2009) and peptidyl arginine
deiminase 4 (PADI4, best known as PAD4; Li et al., 2010) is es-
sential for NET formation. As a downstream mechanism of
PADI4, the production of ROS by sulfasalazine promotes the
nonenzymatic formation of ether-linked oxidized phospholipids
(oxPLs), leading to NET formation in neutrophils in vitro and
in vivo (Yotsumoto et al., 2017). In contrast, the effect of sulfa-
salazine on NET formation by lipid peroxidation does not seem
to be related to sulfasalazine-induced SLC7A11 inhibition, ALOX
activation, and subsequent ferroptosis (Yotsumoto et al., 2017).
Although the mechanism and trigger for the membrane rupture
step remain unclear, these findings support the notion that lipid
peroxidation is an upstream signal shared by various types of
RCDs, in this case NET-induced death and ferroptosis.
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Figure 2. Models of ferroptosis in innate immune cells. (a)
Ferroptosis in macrophages. The activation of the SLC7A110-GSH-
GPX4 axis or an increase in iron storage protein ferritin by nuclear
receptor coactivator 4-mediated ferritinophagy prevents lipid perox-
idation in macrophages. In contrast, erythrophagocytosis or exogenous
ferric ions can trigger iron-dependent ferroptosis in macrophages.
Compared with M2 microglia/macrophages, M1 cells are resistant to
ferroptosis due to the loss of ALOX15 activity by NOS2-mediated NO
production. The released DAMPs (e.g., HMGBL, KRAS®20, and 8-OHG)
by ferroptotic cancer cells cause inflammation-related immunosup-
pression through AGER- or STING1-mediated macrophage polarization.
(b) Ferroptosis in neutrophils. The activation of NOX and PADI4 is es-
sential for NET formation in neutrophils. The release of myeloperoxidase
(MPO) by neutrophils through NET induces lipid peroxidation and sub-
sequent ferroptosis in glioblastoma cells.
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The accumulation of neutrophils triggers and regulates the
initial inflammatory response after trauma, which is not only
beneficial to the early repair process, but potentially also leads to
subsequent tissue damage. Neutrophils induce lipid perox-
idation within tumor cells, for instance by transferring myelo-
peroxidase into glioblastoma cells (Yee et al., 2020). Ferroptotic
stimulation promotes the recruitment of neutrophils to the
myocardium after heart transplantation, leading to heart
damage in mouse models (Li et al., 2019a). Since this ferroptosis-
related sterile inflammation of the heart is inhibited by
ferrostatin-1 (Li et al., 2019a), further investigation is ur-
gently awaited to clarify whether the depletion of ALOX15 (a
direct target of ferrostatin-1; Anthonymuthu et al., 2021) also
protects against myocardial ischemia-reperfusion-induced car-
diomyocyte loss. Irrespective of this uncertainty, altogether the
current evidence suggests that neutrophils participate in sus-
taining inflammation caused by ferroptotic tissue damage.

T cells
Several in vitro and in vivo observations suggest that the activity
and function of cytotoxic T cells (CD8*) and helper T cells (CD4")
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|

are regulated by lipid peroxidation and ferroptosis. First, human
naive CD4* T cells almost lack SLC7A11, which, however, is
strongly up-regulated during T cell activation (Garg et al., 2011;
Levring et al., 2012). Second, T cell activation and proliferation
require a reducing extracellular microenvironment to maintain
intracellular GSH levels, as this can be achieved in vitro by
adding B-mercaptoethanol to the culture medium (Pruett et al.,
1989). Third, the genetic depletion of Gpx4 or treatment with
GPX4 inhibitors (e.g., RSL3, ML162, and ML210) induces lipid
peroxidation and concomitantly ferroptotic cell death in T cells
in vitro (Drijvers et al., 2021; Matsushita et al., 2015). In contrast,
the overexpression of Gpx4 and Aifm2 or knockout of Acsl4
protects CD8* T cells from ferroptosis (Drijvers et al., 2021).
Fourth, the T cell-specific deletion of Gpx4 does not affect thy-
mopoiesis in mice, but compromises CD8* T cell homeostasis in
the periphery (Matsushita et al., 2015). Fifth, Gpx4-deficient
CD4* or CD8* T cells fail to expand in the context of acute in-
fections, and this defect is rescued by supplementation of vita-
min E, a potent lipid-soluble antioxidant (Matsushita et al.,
2015). Although in the memory phase of viral infection the de-
pletion of the Gpx4 gene does not affect T cell recall responses
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Figure 3. Models of ferroptosis in adaptive immune cells. (a) Ferroptosis in T cells. SLC7A11, GPX4, or AIFM2 inhibits, whereas ACSL4 and CD36 promotes,
ferroptosis in CD8* T cells. IFNG released by CD8* T cells induces ferroptotic tumor cell death by activating STAT3-dependent down-regulation of system xc™
subunit (SLC3A2 and SLC7A11) expression. In addition, ferroptotic cancer cells activate CD8* T cell-mediated immunogenic cell death by releasing DAMPs (e.g.,
HMGBL and ATP). (b) Ferroptosis in B cells. The depletion of GPX4 induces ferroptotic cell death and impairs IgM antibody responses in B1 and MZB cells. CD36
increases the absorption of fatty acids and the sensitivity to ferroptosis of B1 and MZB cells, and the degradation of lipid droplets (LDs) caused by lipophagy
may promote ferroptosis by increasing the concentration of free fatty acids within cells. Lipid peroxidation promotes human peripheral blood mononuclear cell
proliferation and differentiation into B cells and natural killer cells by inhibiting BMPs.

upon secondary infection (Matsushita et al., 2015), future
studies must delineate the role of ferroptosis in distinct T cell
populations, including naive, effector, memory, and regulatory
T cells.

The activation of CD8* T cells also has the ability to enhance
the sensitivity of surrounding non-T cells to ferroptosis, espe-
cially in cancer therapy (Wang et al., 2019a). Mechanistically,
IFNY secreted by CD8* T cells down-regulates the expression of
system xc~ subunits (solute carrier family 3 member 2 [SLC3A2]
and SLC7A11) and hence impairs the uptake of cystine by tu-
mor cells, thus facilitating ferroptosis induction secondary to
GSH depletion (Wang et al., 2019a). As mentioned earlier,
ferroptotic cancer cells can be perceived as immunogenic and
hence activate CD8* T cell-mediated antitumor immune re-
sponses (Efimova et al., 2020). These findings establish a
potential positive feedback mechanism in which CD8* T cells
trigger immunogenic cell death through the induction of
ferroptosis. Potentially, such a feedforward mechanism might
amplify anticancer immune responses and facilitate antigen
spreading.

B cells

After maturation, B lymphocytes either recirculate through
secondary lymphoid organs as part of a long-lived pool (as fol-
licular or B2 B cells) or join more static compartments enriched
in the marginal zone of the spleen (marginal zone B [MZB] cells),
peritoneal, and pleural cavities (Bl B cells). GPX4 is required for
the development, maintenance, and antibody responses of Bl
and MZB cells, but not for that of follicular B cells (Muri et al.,
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2019). The conditional deletion of Gpx4 in Bl and MZB cells in-
duces ferroptotic cell death and impairs IgM antibody responses
to Streptococcus pneumoniae (Muri et al., 2019) in mice. Compared
with follicular B cells, both Bl and MZB cells express higher
levels of the fatty acid transporter protein CD36, causing in-
creased fatty acid uptake and ferroptosis sensitivity (Muri et al.,
2019). These findings extend our understanding of the redox
regulation mechanisms of B cell homeostasis.

Two other examples illustrate the importance of ferroptosis
in the B cell compartment. First, compared with follicular B2
cells, the cell survival and self-renewal of Bla B cells is more
dependent on the uptake of exogenous fatty acids and their
mobilization by autophagy (Clarke et al., 2018). Fatty acids are
mainly stored in the form of lipid droplets, which inhibits the
oxidation of PUFAs (Bailey et al., 2015). The degradation of lipid
droplets by autophagy (“lipophagy”) promotes ferroptotic cell
death by increasing intracellular free fatty acids (Singh et al.,
2009). Therefore, lipophagy may regulate the function of B cells
through ferroptosis, a conjecture that requires further experi-
mental exploration. Second, lipid peroxidation caused by the
ferroptosis activator erastin promotes the proliferation and
differentiation of human peripheral blood mononuclear cells
into B cells and natural killer cells through the down-regulation
of bone morphogenetic protein (BMP) family members (Wang
et al,, 2018). BMPs belong to the TGFB superfamily, which is
involved in regulating cell proliferation, differentiation, and
activity of B, natural killer, and myeloid cells (Wang et al., 2014).
These findings uncover alternative mechanisms through which
lipid peroxidation may govern B cell differentiation and activity.
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DAMPs and pattern recognition receptors in ferroptosis
DAMPs are endogenous molecules that are released from, or
exposed on, injured or stressed cells (Tang et al., 2012; Zindel
and Kubes, 2020). Like pathogen-associated molecular patterns
derived from infectious microbes, DAMPs bind to pattern rec-
ognition receptors (PRRs), which signal for the activation of
downstream transcription factors (especially NF-«B and inter-
feron regulatory factor [IRF]) and the production of immune
factors, including a variety of cytokines and chemokines. The
DAMP-PRR axis plays a core role in bridging cell death and
immune response in the context of tissue damage and tumor
immunity (Tang et al., 2012; Zindel and Kubes, 2020). Several
PRRs, such as membrane bound TLR4, advanced glycosylation
end-product-specific receptor (AGER, also known as RAGE), and
cytoplasmic DNA sensor cyclic guanosine monophosphate-adenosine
monophosphate synthase (CGAS), may integrate signals from
DAMPs emitted by ferroptotic cells (Fig. 4).

TLR4 pathway

TLR4, which is one of the PRRs activated by HMGB], plays a
central role in triggering innate immune responses by the ac-
tivation of two main signal transduction pathways. One pathway
is activated by the adaptor MYD88 to induce NF-kB-dependent
proinflammatory cytokines, and another pathway is activated by
the adaptor TCR adaptor molecule 1 (TICAM1/TRIF) to trigger
type IIFN production. After heart transplantation, the activation
of TLR4-TICAMI type I IFN signaling in vascular endothelial
cells triggers neutrophil recruitment and subsequent ferroptosis-
mediated cardiac damage (Li et al., 2019a). Conversely, TLR4-
dependent NF-«B activation and subsequent production of
proinflammatory cytokines (cytokines C-C motif chemokine
ligand 2, TNF, and TGFB1) favors ferroptosis-related inflam-
mation during rhabdomyolysis-associated kidney damage (Guerrero-
Hue et al., 2019). Moreover, lipid oxidation products (e.g., 4-HNE
and oxPLs) trigger inflammation in vitro or in vivo partly
through activating TLR4 signaling (Imai et al., 2008; Wang et al.,
2019b). These findings establish a potential role for TLR4 in ac-
tivating different adaptor proteins to mediate ferroptosis-related
inflammatory responses through lipid DAMPs. The production
and release of prostaglandin E2 during lipid peroxidation may
play a protective role in limiting sterile inflammation in certain
settings (Loynes et al., 2018).

In addition to its immunomodulatory roles, TLR4 may also
directly promote cell death (including apoptosis and ferroptosis)
by binding to NOX4 or its isoenzymes (Park et al., 2004). For
example, during heart failure, TLR4 and NOX4 are up-regulated
while ferroptosis occurs, and the inhibition of either TLR4 or
NOX4 reduces cardiomyocyte death (Chen et al., 2019). Of note,
the role of NOX proteins in heart failure may depend on the iso-
form, activation level, and cellular distribution (Zhang et al., 2013),
and it will be important to understand how these factors influence
the propensity of heart muscle cells to undergo ferroptosis.

AGER pathway

AGER is a member of the immunoglobulin superfamily, which
recognizes various DAMPs (e.g., HMGBI and S100) to activate a
range of signaling pathways, including but not limited to the
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activation of the protein kinase C pathway, tyrosine phospho-
rylation of the JAK signal transducer and activator of tran-
scription (STAT) pathway, and activation of the MAPK-NF-«kB
signaling pathway (Sparvero et al., 2009). AGER signaling has
been involved in acute or chronic inflammatory diseases, such as
sepsis, pancreatitis, and diabetes (Deane et al., 2012; Hudson and
Lippman, 2018; Kang et al.,, 2016; Sirois et al., 2013). Consis-
tently, there are multiple mechanisms that contain AGER-
mediated inflammation.

Two studies using AGER neutralizing antibodies or short
hairpin RNAs document the critical role of AGER in mediating
ferroptotic cell-initiated inflammation and immunity. The ear-
lier study reported that AGER, not TLR4, is responsible for
HMGBI-mediated TNF production in macrophages responding
to RSL3-induced ferroptotic cells (Wen et al., 2019). The later
study showed that AGER expression in macrophages facilitates
the uptake of mutant KRAS®?P protein contained in exosomes,
which are released by ferroptotic pancreatic cancer cells in an
autophagy-dependent manner (Dai et al, 2020a). This may
result in AGER-dependent M2 macrophage polarization and
subsequently stimulate tumor growth. In other scenarios, AGER-
mediated extracellular HMGBI1/LPS uptake causes activation of
the caspase-11-dependent inflammasome, leading to pyroptosis
of macrophages (Deng et al., 2018). It would be interesting to
further identify the structural basis for the recognition and
uptake of different DAMPs by AGER in the context of distinct
RCD modalities.

STING1 pathway
CGAS is a cytoplasmic sensor of pathogen or host-derived DNA
that catalyzes the production of a second messenger, cyclic
guanosine monophosphate-adenosine monophosphate (cGAMP;
Li and Chen, 2018). The cGAMP accumulating in the cytosol then
activates stimulator of interferon response cGAMP interactor
1 (STING1/TMEMI73), an ER-associated membrane protein.
STINGI stimulates a type I IFN response through activating
TANK binding kinase 1 (TBK1), leading to the activation of the
transcription factor IRF3 (Li and Chen, 2018). In addition,
STINGI induces the activation of autophagy (Gui et al., 2019) or
immunocoagulation (Zhang et al., 2020) through a mechanism
independent of TBKI-IRF3 signaling. Accordingly, STINGI is a
multifunctional regulator of various types of RCD, including ap-
optosis, necroptosis, pyroptosis, and ferroptosis, highlighting its
broad role in regulating cell death-mediated immune responses.

Ferroptotic DAMPs have peculiar effects on STINGI activa-
tion. The increase in lipid peroxidation caused by GPX4 deple-
tion limits the STINGl-mediated type I IFN antiviral immune
response during herpes simplex virus 1 infection in mice (Jia
et al., 2020). Mechanistically, 4-HNE inhibits STINGI activa-
tion by its direct carbonylation in mouse primary peritoneal
macrophages (Jia et al., 2020). In contrast, the release of oxi-
dized nucleobases (e.g., 8-OHG) from ferroptotic cells activates
the STINGI1-dependent inflammatory pathway in surrounding
macrophages (Dai et al., 2020b), illustrating yet another exam-
ple how distinct DAMPs shape the immune response.

STINGI directly promotes ferroptosis by overactivating au-
tophagy in the context of DNA damage. Although autophagy has
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Figure 4. Models of DAMPs and PRRs in ferroptosis. (a) TLR4 pathway in ferroptosis. TLR4 plays a central role in innate immunity by signaling to adaptor
MYD88 or TICAMI/TRIF to induce proinflammatory cytokines. The activation of TLR4 induces type | IFN signaling in vascular endothelial cells, triggering
neutrophil recruitment and subsequent ferroptosis-mediated cardiac damage. TLR4-dependent NF-kB activation promotes ferroptosis-related inflammation
through the production of proinflammatory cytokines (cytokines C-C motif chemokine ligand 2 [CCL2], TNF, and TGFB1) during rhabdomyolysis-associated
kidney damage. Moreover, lipid oxidation products (e.g., 4-HNE and oxPLs) can trigger inflammation partly through activating TLR4 signaling. The interaction
of TLR4 and NOX4 may enhance ferroptotic cell death-mediated inflammation. (b) AGER signaling in ferroptosis. AGER recognizes various DAMPs, leading to
the activation of signaling pathways, including the protein kinase C [PKC], JAK-STAT, phophatidylinositol 3-kinase [PI3K]-protein kinase B, and MAPK-NF-kB
pathways. In addition, AGER is responsible for HMGB1- or KRAS®20-mediated macrophage activation and polarization in response to ferroptotic cancer cells.
(c) STING1 pathway in ferroptosis. In this pathway, 4-HNE inhibits STING1 activity by the carbonylation of STING1, whereas the release of 8-OHG from
ferroptotic cancer cells activates the STING1-dependent inflammatory pathway in macrophages by the DNA sensor CGAS. STING1 directly promotes fer-
roptosis by increasing MAPLLC3 lipidation, thereby activating autophagy-dependent cell death caused by zalcitabine-induced mitochondrial DNA (mtDNA)

damage and CTSB-mediated genomic DNA damage.

a preponderantly cytoprotective role, autophagy plays a pro-
death role in the context of ferroptosis. Autophagy promotes
ferroptosis through eliminating antiferroptotic proteins such as
ferritin, GPX4, and aryl hydrocarbon receptor nuclear translocator-
like (ARNTL, best known as BMALI) or by digesting lipid droplets
(Liu et al., 2020a). STINGI stimulates the formation of autopha-
gosomes (Gui et al., 2019) and thus promotes ferroptotic cell death
under zalcitabine-induced mitochondrial DNA damage or nuclear
CTSB-related genomic DNA damage (Hamalistd et al., 2020; Li
et al., 2021). It will be important to evaluate the likely complex
relationship between STINGI activation, autophagy status, and
ferroptotic effects during radiotherapy (Lang et al., 2019; Liu et al.,
2020a; Yamazaki et al., 2020).

Ferroptosis in infectious, inflammatory, and immune diseases

Accumulating preclinical data suggest the involvement of
ferroptosis-relevant regulators and pathways in human dis-
orders (Jiang et al., 2021a; Stockwell et al., 2020; Tang et al.,
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2021). Therefore, targeting ferroptosis by pharmacological
modulators (activators or inhibitors) may represent a possible
avenue for treating multiple pathologies. Ferroptotic damage
has been implicated in several common immune diseases,
such as nonalcoholic steatohepatitis, diabetes, neuroinflammation,
asthma, and rheumatoid arthritis, but the exact contribution
of ferroptosis to these pathologies is not well understood
(Jiang et al., 2021a; Stockwell et al., 2020; Tang et al., 2021).
Here, we will discuss the role of ferroptosis in infectious, in-
flammatory, and immune diseases through several well-studied
examples.

Bacterial infection

The activation of ferroptosis is implicated in bacterial
infection-induced injury of host tissues. For example, the Gram-
negative bacterium Pseudomonas aeruginosa is a major pathogen
in cystic fibrosis, a chronic inflammatory disease in which
airway tissues contain elevated levels of oxidized AA-phospholipids
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(Bragonzi et al., 2009; Dar et al., 2018). P. aeruginosa expresses
pLoxA (its mammalian orthologue is ALOX15), leading to lipid
peroxidation and subsequent ferroptosis in human bronchial epi-
thelial cells (Dar et al., 2018). This process can be blocked by bai-
calein (an ALOX inhibitor) and ferrostatin-1 (a ferroptosis inhibitor;
Dar et al., 2018), suggesting that such inhibitors might be developed
as a new therapy for cystic fibrosis infection, perhaps in the form of
inhalable aerosols.

Mycobacterium tuberculosis is another pathogen that may kill
host cells via ferroptosis (Amaral et al., 2019), contradicting
previous reports suggesting that necroptosis would play a major
role in tuberculosis (Pajuelo et al., 2018). However, most con-
clusions regarding the pathological role of ferroptosis in M.
tuberculosis-induced lung damage are based on pharmacological
studies using ferrostatin-1 or N-acetyl cysteine (Amaral et al.,
2016; Amaral et al., 2019; Venketaraman et al., 2008), which may
have off-target effects on other cell death subroutines. Thus,
genetic animal studies must clarify the potential contribution of
ferroptotic host damage to the pathogenesis of tuberculosis.

Of note, in a mouse model of polymicrobial sepsis induced by
cecal ligation and puncture, the conditional depletion of Gpx4 in
myeloid cells accelerates the systemic inflammatory response
and multiorgan failure that reportedly rely on pyroptosis rather
than ferroptosis (Kang et al., 2018). Nonetheless, ferroptosis-
inhibitory drugs (dexrazoxane, ferrostatin-1, and irisin) can
protect against CLP- or LPS-induced tissue damage (Li et al.,
2020b; Wei et al., 2020). Further elucidation of the role of
GPX4 in different types of RCD, including pyroptosis, is im-
portant for understanding its contribution to infectious diseases.

Inflammatory bowel disease (IBD)

IBD is a common term for two distinct diseases (Crohn’s disease
and ulcerative colitis), which are characterized by chronic in-
flammation of the gastrointestinal tract. Epidemiological, hu-
man, and animal studies suggest that ferroptosis is involved in
Crohn’s disease, as shown by four lines of evidence. First, the
increase in the incidence of IBD in the population is related to a
Western diet rich in PUFAs (Mayr et al., 2020). Second, small
intestinal epithelial cells from Crohn’s disease patients show
impaired GPX4 activity and increased lipid peroxidation (Mayr
et al.,, 2020). Third, PUFAs (e.g., AA), but not MUFAs (e.g.,
palmitoleic acid and oleic acid), trigger ACSL4-mediated lipid
peroxidation and the GPX4-repressible production of cytokines
(e.g., IL-6 and C-X-C motif chemokine ligand 1) by intestinal
epithelial cells (Mayr et al., 2020). Fourth, in mice that were fed a
Western-style diet rich in PUFAs, the heterozygous deletion of Gpx4
in intestinal epithelial cells accelerated the local infiltration of
neutrophils and monocytes as signs of an inflammatory response
(Mayr et al., 2020). These preclinical studies identify that dietary
PUFAs cause Crohn’s disease through promoting ferroptosis.

The analysis of gene expression profiles and lipid perox-
idation products (e.g., MDA) related to ferroptosis in patients
with colitis ulcerosas suggest that ferroptotic damage may also
occur in secondary IBD (Xu et al., 2020). Indeed, in mice, several
ferroptosis inhibitors (ferrostatin-1, GSK2606414, and curculi-
goside) alleviate experimental colitis induced with dextran sul-
fate sodium by inhibiting ER stress or via the up-regulation of
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GPX4 expression (Wang et al., 2020; Xu et al., 2020). It is worth
noting that sulfasalazine, a US Food and Drug Administration-
approved IBD drug, is an inhibitor of system xc~ and hence a
potential ferroptosis inducer. Whether this contributes to the
mode of action of sulfasalazine (or explains the fact that this
drug fails in most patients) remains a matter of speculation.

Acute pancreatitis

Pancreatitis, a severe condition and a risk factor for pancreatic
cancer, is caused by acinar cell death-mediated DAMP release
and consequent sterile inflammation (Kang et al., 2014). Ceru-
lein (an analogue of cholecystokinin) and the amino acid
L-arginine are the two most commonly used agents for trig-
gering experimental pancreatitis in mice. The conditional de-
pletion of Arntl, a central component of the circadian clock, in
the pancreas increases L-arginine-induced acute pancreatitis in
mice partly through ferroptotic damage-induced HMGBI release
(Liu et al., 2020b). Thus, the administration of liproxstatin-1 or an
anti-HMGBI1 neutralizing antibody decreases Arntl deficiency-
induced acute pancreatitis in mice. Mechanistically, pancreatic aryl
hydrocarbon receptor nuclear translocator-like acts as a key
transcriptional factor to up-regulate the expression of ferroptosis-
inhibitory genes (e.g., Slc7all and Gpx4) to suppress oxidative tissue
injury (Liu et al., 2020b). Moreover, high-iron diets or the condi-
tional depletion of Gpx4 in the pancreas exacerbates cerulein-
induced pancreatitis in mice by activating DNA damage-induced
systemic inflammation (Dai et al., 2020b). These findings uncover
a pathological link between ferroptotic damage and pancreatitis.
Since L-arginine can be converted into NO, the role of NO in
ferroptosis-related pancreatitis should be clarified in the future.

Ischemia reperfusion injury (IRI)

IRI arises from the restriction of blood supply to an organ, fol-
lowed by the reestablishment of blood supply and reoxygena-
tion. IRI is an inflammatory condition that drives innate and
adaptive immune responses involved in multiple pathways. The
depletion of Tlr2, Tlr4, and TIr9 in mice confers significant
protection from IRI in various experiment models. Ferroptosis-
mediated sterile inflammation is also involved in the progres-
sion of IRI in various tissues, such as heart (Gao et al., 2015),
liver (Friedmann Angeli et al., 2014), kidney (Linkermann et al.,
2014), brain (Tuo et al.,, 2017), and gut (Li et al., 2019b). Con-
sistent with this, ferrostatin-1 or an ACSL4 inhibitor protects
against IRI in mouse models. However, other RCD subroutines,
such as necroptosis, also contribute to the development of IRI in
kidney (Linkermann et al., 2013) and heart (Zhang et al., 2016).
This pathway is thought to provide an additional mechanism for
triggering sterile inflammation. Thus, it is difficult to determine
the specific involvement of ferroptotic damage in IRI, calling for
additional investigation, preferentially in genetic models of
ferroptosis and necroptosis inhibition.

Tumorigenesis and therapy

Inflammation is a double-edged sword in tumor immunity
(Greten and Grivennikov, 2019). On one hand, chronic inflam-
mation provides a supporting environment for tumor transfor-
mation, proliferation, and metastasis. On the other hand, acute
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inflammation caused by anticancer treatments can trigger pro-
tective antitumor immunity. This pattern is also seen in the
effect of ferroptotic damage on tumors. As illustrated in a
previous section of this article, “Ferroptosis in immune cells,”
ferroptosis induced by chemotherapy, radiotherapy, and im-
munotherapy may trigger the release of DAMPs, leading to
dendritic cell recruitment, dendritic cell-mediated antigen
capture and presentation, and finally, the induction of cytotoxic
T cell responses. In contrast, IL-4 induction 1, a secreted amino
acid oxidase produced by antigen-presenting cells, can protect
cancer cells from ferroptosis (Zeitler et al., 2021). In addition, a
combination of cyst(e)inase (a cystine- and cysteine-degrading
enzyme that should induce ferroptosis) and immune checkpoint
inhibitors can elicit a synergistic tumor suppressive effect in
mouse models (Wang et al., 2019a), but the rationale for this
effect is still elusive. One possibility is that immune checkpoint
inhibitors may enhance the expression of components of system
xc~, NFE2L2 target genes, or TYRO3 protein tyrosine kinase,
thereby providing negative feedback to limit the anticancer ac-
tivity of immune checkpoint inhibitors (Jiang et al., 2021b). In-
deed, the expression of SLC3A2 negatively correlates with the
clinical benefit of cancer immunotherapy with the checkpoint
inhibitor nivolumab (Wang et al., 2019a). Although cancer cells
in an early stage of ferroptosis may induce a tumor vaccine-like
effect and hence elicit adaptive antitumor immunity (Efimova
et al., 2020), it is still unclear whether ferroptotic tumor cells
induce a long-lasting immunological memory.

In the past decade, a variety of genetically engineered mouse
models have been developed to improve the understanding of
immune responses during tumorigenesis. For example, two
basic genetically engineered mouse models, namely PdxI-Cre;
Kras®2P/+ mice (termed KC) and Pdxi-Cre;KrasGi2D/+;Tp53R172H/+
mice (termed KPC), are used to study the initiation and ad-
vancement of pancreatic cancer. In KC mice with additional
pancreatic Gpx4 depletion or a high-iron diet, the administration
of the ferroptosis inhibitor lipoxstatin-1 protects against pan-
creatic tumorigenesis (Dai et al., 2020b). Several mechanisms
putatively explain this observation. First, the depletion of Gpx4
in pancreatic adenocarcinomas promotes oxidative DNA damage
and the release of 8-OHG, which leads to macrophage M2 po-
larization by activating the STINGl-dependent DNA sensor
pathway (Dai et al., 2020b). Second, KRASG2P released by fer-
roptotic cells causes AGER-dependent macrophage M2 polari-
zation by the activation of STAT3-mediated fatty acid oxidation
(Dai et al., 2020a). Consistently, Gpx4 deletion in myeloid cells
(macrophages and neutrophils) is sufficient to initiate tumori-
genesis in mice (Canli et al., 2017). Gpx4-deficient macrophages
secrete elevated levels of hydrogen peroxide, which causes DNA
mutations and intestinal tumorigenesis (Canli et al., 2017). Tu-
mor necrosis induced by neutrophils is mediated by the induc-
tion of ferroptosis, which promotes glioblastoma growth in vivo
(Yee et al., 2020). Furthermore, a high expression of ferroptosis-
related genes is associated with poor survival of glioblastoma
patients (Yee et al., 2020). These observations suggest that
ferroptosis has a protumorigenic potential and are contrary to
the observation that the deletion of pancreatic Slc7all in KPC
mice (in contrast to KC mice with a Tp53 mutation) suppresses
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rather than exacerbates pancreatic tumor growth (Badgley et al.,
2020). Hence, the contribution of ferroptosis to tumorigenesis
might be highly context dependent.

The lymphatic system is a part of the circulatory system
and the immune system. The increased level of MUFAs (e.g.,
oleic acid) in melanoma tumor cells caused by the lymph fluid
(which contains more oleic acid than plasma) promotes fer-
roptosis resistance in an acyl-CoA synthetase long-chain family
member 3-dependent fashion, thus favoring tumor metastasis
(Ubellacker et al., 2020). However, CD36-mediated fatty acid
uptake promotes ferroptosis in tumor-infiltrating CD8* T cells,
which limits antitumor immunity (Ma et al., 2021). These data
further increase the complexity of the local and systemic im-
mune mechanisms that regulate the sensitivity to ferroptosis.
The ambiguous role of ferroptosis in tumor immunity also means
that manipulation of the ferroptotic pathway for tumor treat-
ment is still challenging and requires careful evaluation (Chen
et al., 2021b).

Conclusions and perspectives
The balance between cell survival and cell death is critical to
many aspects of homeostasis in multicellular organisms. In re-
cent years, significant progress has been made in delineating the
mechanisms that modulate ferroptosis susceptibility in tissues
challenged by a variety of metabolic, infectious, or oncogenic
stressors. Recent work has begun to clarify the complex roles of
such ferroptosis-relevant pathways in different aspects of im-
mune function. On one hand, the ferroptotic demise of immune
cells may compromise immune responses. On the other hand,
ferroptosis in nonimmune cells causes the release of DAMPs,
which alert immune cells. Regarding the immunomodulatory
effects of ferroptosis, there are still several unresolved ques-
tions, such as how ferroptosis affects the prognosis of human
diseases, and how different immune cell subpopulations sense
ferroptosis and then amplify or attenuate the subsequent re-
sponse to assure a whole spectrum of graduated responses to
ferroptotic perturbations. Further research on the context-
dependent effects of important ferroptotic modulators (e.g.,
GPX4, SLC7A11, and ACSL4) in various immune cells may enable
us to disentangle the likely complex immunomodulatory effects
of ferroptosis that may have important repercussions in infec-
tion and cancer. In several models, including solid organs, cell
cultures, and zebrafish, ferroptosis spreads between neighbor-
ing cells in a non-cell-autonomous manner (Katikaneni et al.,
2020; Kim et al., 2016; Linkermann et al., 2014; Riegman et al.,
2020). However, the role of cell-cell propagation of ferroptosis
in regulating the activity of tissue-resident immune cells re-
mains to be determined (Riegman et al., 2019). Viral infection
often triggers host cell death with iron dyshomeostasis
(Drakesmith and Prentice, 2008), and it remains to be investi-
gated whether ferroptosis is involved in this process. Another
big unknown is whether there are specific pathogen-associated
molecular patterns or DAMPs that might trigger ferroptosis in
tissue-resident immune cells, thereby affecting recognition,
specificity, sensitivity, and memory.

The major challenge is how to apply the theoretical frame-
work of ferroptosis to the diagnosis and therapy of human
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diseases. Although the accumulation of lipid peroxidation is a
sign of ferroptosis, this change may also be part of other RCD
modalities, such as apoptosis, necroptosis, pyroptosis, and NET.
To distinguish the relative pathogenic contribution of ferrop-
tosis and other cell death modalities, we must develop a panoply
of exquisitely specific pharmacological inhibitors, organoid
models, and other technologies applicable to primary patient-
derived samples. To bridge ferroptosis with clinically relevant
metrics of disease, scientists may need to focus on exploring
specific biomarkers of ferroptosis that may be collected through
novel technologies (e.g., single-cell transcriptomics, proteomics,
and metabolomics; Chen et al., 2021a). As the activity of fer-
roptosis inhibitors (such as ferrostatin-1) in vivo is still contro-
versial, more genetic evidence is needed to prove the link
between ferroptosis and disease.
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