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Ferroptosis is a novel form of cell death characterized by unlimited accumulation
of iron-dependent lipid peroxides. It is often accompanied by disease, and the
relationship between ferroptosis of immune cells and immune regulation has
been attracting increasing attention. Initially, it was found in cancer research that
the inhibition of regulatory T cell (Treg) ferroptosis and the promotion of CD8+ T
cell ferroptosis jointly promoted the formation of an immune-tolerant
environment in tumors. T-cell ferroptosis has subsequently been found to
have immunoregulatory effects in other diseases. As an autoimmune disease
characterized by immune imbalance, T-cell ferroptosis has attracted attention
for its potential in regulating immune balance in lupus nepbhritis. This article
reviews the metabolic processes within different T-cell subsets in lupus nephritis
(LN), including T follicular helper (TFH) cells, T helper (Th)17 cells, Thl cells, Th2
cells, and Treg cells, and reveals that these cellular metabolisms not only facilitate
the formation of a T-cell immune imbalance but are also closely associated with
the occurrence of ferroptosis. Consequently, we hypothesize that targeting the
metabolic pathways of ferroptosis could become a novel research direction for
effectively treating the immune imbalance in lupus nephritis by altering T-cell
differentiation and the incidence of ferroptosis.
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1 Introduction

The key mechanism of ferroptosis involves the upregulation of lipid peroxidation
pathways driven by iron, reactive oxygen species (ROS), and polyunsaturated fatty acids
(PUFAs), coupled with the downregulation of antioxidant mechanisms, primarily
selenium-dependent glutathione peroxidase 4 (GPX4) (1). Increasing evidence suggests
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that modulating metabolic targets involved in T-cell ferroptosis can
alter immune imbalances. Initially, this regulatory mechanism
attracted attention in the context of tumor immunomodulation.
Ferroptosis in Treg cells is often suppressed by upregulated
antioxidant mechanisms, which contribute to tumor immune
evasion (2). However, ferroptosis in CD8+ T cells is frequently
promoted by increased lipid synthesis, thereby reducing their
capacity for immune recognition and killing of tumor cells (3).
Notably, altering T-cell ferroptosis-related metabolic targets, such
as promoting ferroptosis in Treg cells or inhibiting ferroptosis in
CD8+ T cells, has been shown to improve cancer prognosis.
Therefore, given that T-cell ferroptosis is a promising disease
immunoregulatory mechanism, its potential therapeutic role in
other diseases has also garnered significant interest (4).

Systemic lupus erythematosus (SLE) is characterized by
immune tolerance disorders and hyperactivity of immunological
reactivity, leading to immune imbalance (5). LN is a common
complication and cause of death in SLE patients (6). Recent studies
have shown that T-cell immune imbalance is the key pathogenesis
of LN (7, 8). Specifically, upregulated effector T (Teff) cells
contribute to kidney injury through the formation of a
proinflammatory environment and the promotion of fibrosis (9).
By assisting in humoral immunity, TFH cells produce more
pathogenic antibodies, exacerbating autoimmune inflammation
(10). Additionally, the downregulation of Treg cells in LN fails to
maintain immune tolerance, allowing the adaptive immune system
to no longer protect self-antigens while recognizing and eliminating
pathogens and accelerating kidney injury (11). Although T-cell
immune imbalance is crucial in LN, little is known regarding its
regulation. Therefore, research on the mechanisms by which T-cell
ferroptosis regulates T-cell immune imbalance in the LN has
attracted significant attention.

In this review, we first described the unique manifestations of
immune imbalances among various T-cell subsets in LNs. We
highlighted that metabolic alterations in T cells within the LN not
only promote the aberrant differentiation of T cells, leading to
immune dysregulation but also variably augment the occurrence of
ferroptosis across different T-cell subsets. Similarly, we revisited the
current understanding of how the regulation of metabolic targets
related to ferroptosis in these T-cell subsets could modulate
immune imbalances in LN. We emphasized the potential of
metabolic enzymes and molecules associated with ferroptosis as
future therapeutic targets for treating immune imbalances in LN.

2 The mechanism of Ferroptosis

The continuous accumulation of unstable iron, increase of ROS,
and supply of PUFAs in cells, coupled with weakened antioxidant
mechanisms, lead to an unlimited increase in lipid ROS in cells,
which is the key factor that induces ferroptosis (1). Among them,
weakened antioxidant mechanisms are closely related to glutathione
metabolism and the GPX4 enzyme. Therefore, abnormal
metabolism in cells is often the key to identifying ferroptosis. In
addition, many studies have shown that mitochondria usually
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exhibit atrophic and dense morphology during ferroptosis, which
is also key evidence for verifying the occurrence of ferroptosis (12).
A deeper understanding of metabolic changes in ferroptosis is
highly important for identifying the occurrence of T-cell
ferroptosis in diseases (Figure 1).

2.1 Accumulation of cellular iron

Once iron enters the bloodstream from different sources in the
human body, it must undergo absorption, use, storage, and
excretion by cells. Cellular iron absorption involves the uptake of
transferrin-bound iron (TBI) into the cell via traditional transferrin
receptor 1 (TfR-1, also known as CD71) (13), as well as the uptake
of nontransferrin-bound free iron (NTBI), mostly by liver cells (14).
Upon entering the cytoplasm, TBI and NTBI are transiently held in
the cytoplasm’s “labile iron pool” (LIP) in an unstable ferrous state.
Iron in the LIP is then weakly attached and carried to the
mitochondria for use. Iron inside mitochondria is a crucial
component for the production of heme and Fe-S clusters, which
are involved in a variety of cellular metabolic processes (15, 16). The
majority of unutilized iron is stored inside the cell as ferritin (17).
Excess iron is specifically linked to ferritin by the iron chaperones
poly r(C)-binding protein (PCBP) 1 and PCBP 2 (18, 19) and then
transported out of the cell exclusively by ferroportin (FPN)-1 (20).
Furthermore, the iron content in the unstable iron pool inside the
cell is carefully regulated by iron regulators and iron regulatory
proteins. These proteins control the release and storage of iron in
the cell to prevent it from exceeding 5% of the total iron content and
maintain a balanced iron level within the cell (17, 21, 22).
Disruption of iron metabolism may result in the aberrant buildup
of iron inside the cell, which can lead to ferroptosis. Studies have
shown that the process of autophagy, which involves the breakdown
of ferritin (a protein that stores iron), may lead to the build-up of
unstable iron in cells and facilitate ferroptosis (23-25). Disruption
of the main receptor TfR1, which is responsible for cellular iron
absorption, has been shown to successfully prevent ferroptosis (26).
Facilitating the elimination of iron from inside cells has been
scientifically shown to successfully prevent iron-induced cell
death (27, 28).

2.2 ROS accumulation

ROS represent a collective term for oxygen-containing radicals
and peroxides associated with oxygen metabolism in living
organisms. ROS are characterized by unpaired electrons,
rendering them highly chemically reactive. When they encounter
nonradical species abundantly present in the body, they initiate
electron-snatching chain reactions (29).

The ROS generated by the Fenton reaction are considered the
primary source of ROS in ferroptosis. In LIP, divalent iron reacts
with cytoplasmic hydrogen peroxide (H202) via the Fenton
reaction, producing trivalent iron, OH-, and highly reactive
hydroxyl radicals (OHe) (30, 31). OHe subsequently engages in
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FIGURE 1

The core mechanisms of ferroptosis: The accumulation of labile iron, ROS, and PUFAs in cells contributes to the onset of ferroptosis. TBI and NTBI
enter the cell and are temporarily stored in an “iron pool”. Subsequently, labile iron from the “iron pool” initiates a Fenton reaction that produces an
abundance of ROS, leading to an increase in intracellular ROS. Under the effect of LOXs, intracellular ROS first undergoes enzymatic lipid
peroxidation with PUFAs, generating lipid ROS. Once a critical threshold is reached, intracellular ROS directly triggers non-enzymatic lipid
autoxidation with membrane-bound PUFAs, resulting in a large amount of lipid ROS. Furthermore, the weakening of the xCT-GPX4 antioxidant
system promotes ferroptosis. Cystine is transported into the cell via System xCT, participating in the synthesis of reduced GSH. Then, reduced GSH
acts on GPX4 to reduce lipid ROS to lipid alcohols, thereby inhibiting the production of lipid ROS. ROS, Reactive Oxygen Species; PUFAs,
Polyunsaturated Fatty Acids; TBI, Transferrin-bound Iron; NTBI, Non-Transferrin-Bound Iron; TFR, Transferrin Receptors; Non-Transferrin Receptors,

ZIP8, ZIP14; LOXs, Lipoxygenases; GSH, glutathione.

electron-snatching chain reactions with cellular lipids, leading to
the generation of toxic lipid ROS [also called lipid peroxides, LPOs
or phospholipid hydroperoxide (PLOOH)].

Furthermore, numerous studies have shown that mitochondrial
ROS (mtROS) (32) and nicotinamide adenine dinucleotide
(phosphate) (NAD(P)H) oxidase (NOX)-derived ROS are
significant electron predators involved in the generation of lipid
ROS (33-35). Therefore, in addition to intracellular iron
accumulation, the accumulation of ROS from multiple sources
within cells, which are critical triggers for lipid ROS production,
represents the second major factor in ferroptosis.

2.3 The occurrence of lipid peroxidation

Many studies have shown that PUFAs in the phospholipids of
endoplasmic reticulum (ER) membranes, primarily arachidonic
acid (AA) and adrenic acid (AdA), are key lipid substrates for the
occurrence of lipid peroxidation (36-39). Acyl-CoA synthetase
long-chain family member 4 (ACSL4) promotes the synthesis of
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PUFAs (40), whereas lysophosphatidylcholine acyltransferase 3
(LPCAT?3) facilitates the esterification of PUFAs and their
integration into membrane phospholipids (41).

PUFAs and ROS undergo a process of lipid peroxidation that
involves both enzymatic and nonenzymatic stages. The enzymatic
stage refers to the process by which PUFAs, under the action of
lipoxygenases (LOXs), react with ROS to form lipid ROS (36, 42).
Arachidonate lipoxygenase 15 (ALOX15) has been identified as the
key enzyme in the enzymatic peroxidation of PUFAs (42-44). In
addition, arachidonate lipoxygenase 12 (ALOX12) (45) and
cytochrome P450 enzymes (CYPs) (46) have also been found to
induce lipid peroxidation. The nonenzymatic stage occurs when
intracellular iron accumulates, leading to Fenton reactions between
intracellular ROS and membrane-bound PUFAs, thereby initiating
lipid autoxidation (31, 47). This nonenzymatic lipid peroxidation
plays a dominant role in the accumulation of lipid ROS during
ferroptosis (42). Current research still debates the sequence of the
enzymatic and nonenzymatic stages, but many studies support that
once the enzymatically produced lipid ROS reach a critical
threshold, they can trigger nonenzymatic lipid peroxidation (31,
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47). Ultimately, lipid ROS first accumulate in the ER membrane and
then in the cell membrane (38). Ferroptosis, a form of regulated cell
death, occurs when the cell’s capacity to repair membrane damage is
overwhelmed, leading to cell demise (42).

2.4 Antioxidant mechanisms

The strengthening of iron-dependent lipid peroxidation and the
weakening of the antioxidant system are the third significant
triggers for ferroptosis. Recent studies in cancer cells have
demonstrated that altering the intracellular redox state can induce
ferroptosis (48). Therefore, when an oxidative-reductive imbalance
occurs within a cell, vigilant monitoring of the potential induction
of ferroptosis is essential.

2.4.1 The xCT- GPX4 antioxidant system

In general, the xCT-GPX4 system is considered the primary
antioxidant mechanism against ferroptosis. Its key components
include cystine/glutamate antiporter solute carrier family 7
member 11 (SLC7A11), which is also known as xCT, and GPX4.
Most cells initially take up cysteine (Cys) via xCT. Subsequently,
cysteine is converted to cystine through the action of the reducing
agent glutathione (GSH) or thioredoxin reductase 1 (TXNRD1),
and it participates in GSH synthesis (47, 49). In mammals,
TXNRDI belongs to the thioredoxin reductase (TrxR) family and
is also a selenoprotein. The Trx reductive system to which TXNRD1
belongs, along with the GSH reduction system, collaboratively
eliminates ROS in vivo, maintaining the cellular redox balance
(50). Through the action of GPX4, synthesized GSH subsequently
reduces lipid ROS to lipid alcohols, thereby inhibiting ferroptosis
(51-53). Therefore, the xCT-GPX4 system is a necessary
antioxidant mechanism that directly targets the inhibition of lipid
ROS generation. Studies have shown that GPX4 knockout cells
exhibit high accumulation of ROS and lipid peroxidation products,
providing further evidence for this mechanism (54). Notably, Gpx4,
as a selenoprotein, requires the presence of selenium for its
antioxidative function (51, 55).

Conversely, inhibition of the xCT-GPX4 system can induce
ferroptosis. On the basis of this mechanism, various ferroptosis
inducers (FINs), such as buthionine sulfoximine (BSO) and erastin,
have been developed and have garnered widespread attention in
cancer therapy research (56-58). Notably, recent studies have
suggested that ras-selective lethal 3 (RSL3), as a type of FINs,
may act as an inhibitor of TXNRD1, not only GPX4. First, RSL3
increases ROS levels by inhibiting the TrX system, promoting the
generation of lipid ROS. Second, it enhances the accumulation of
lipid ROS by inhibiting GPX4, thereby increasing susceptibility to
ferroptosis through a dual mechanism (53, 59). Furthermore, recent
research has revealed a significant association between the
anticancer mechanism of the tumor suppressor gene P53 and the
inhibition of xCT-GPX4-induced ferroptosis. In contrast to FINs,
P53 achieves its anticancer effects through the dual regulation of
peroxidation and weakening antiperoxidation mechanisms. P53
downregulates SLC7A11 expression, directly inhibiting the xCT-
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GPX4 antioxidant system. However, P53 downregulation of
SLC7A11 leads to the release of ALOX12 bound to it, promoting
membrane lipid peroxidation and accelerating ferroptosis (45, 60).
In summary, weakening of the xCT-GPX4 system, a critical
intracellular antioxidant mechanism, is essential for inducing
ferroptosis, and this mechanism holds promise for targeting
various pathogenic cells in the treatment of various diseases.

In LN, there is a significant increase in oxidative stress due to
the presence of autoantibodies, immune complexes, and cytokines
such as interferon-o (61, 62). This oxidative stress leads to the
depletion of antioxidants, including GPX4, making kidney cells
more vulnerable to damage and death (61, 63). Lipidomic analyses
of kidneys confirm excessive lipid peroxidation consistent with
ferroptosis in LN (64). Ferroptosis, driven by GPX4 inhibition or
dysfunction, is increasingly recognized as a mechanism of kidney
cell death in LN (65, 66). This process exacerbates inflammation
and tissue injury in the renal microenvironment (65, 67). The low
expression of GPX4 in these kidneys correlates with tubular
damage, highlighting its protective role against ferroptosis-
induced injury (68).

Beyond its role in ferroptosis, GPX4 also influences immune cell
function, particularly in regulating B cells and neutrophil, which are
central to LN pathogenesis. Research indicates that LN is associated
with attenuated expression of SLC7A11, this disrupts the
antioxidant system, further reducing GPX4 activity and
significantly enhances ferroptosis in B cells and reduces their
proliferation (69). Research has found that in LN, GPX4
mechanisms involve autoantibodies and interferon-ov in serum,
which promote neutrophil ferroptosis by enhancing cAMP
response element modulator (CREM)o binding to the GPX4
promoter (70). This binding reduces GPX4 expression and leads
to an increase in autoantigens produced by neutrophil ferroptosis
(70). Given the critical role of GPX4 in ferroptosis, further
investigation into GPX4-mediated T cell ferroptosis and its
regulation would be of great significance for understanding and
potentially treating LN.

2.4.2 The non xCT- GPX4 antioxidant systems

In addition to GPX4, ferroptosis suppressor protein 1 (FSP1,
also known as ATFM2) and coenzyme Q10 (CoQ10, also referred to
as ubiquinone) constitute the second major antioxidant system in
ferroptosis. Unlike the xCT-GPX4 system, which combats oxidation
by reducing already generated lipid ROS, the FSP1-CoQ10 system
functions as an antioxidant by reducing the generation of lipid ROS,
as described in the following mechanism. FSP1 utilizes NAD(P)H to
reduce CoQ10 to its reduced form, Coenzyme Q10H2 (CoQ10H2,
also known as ubiquinol), thereby consuming ROS and reducing
the generation of lipid ROS (71, 72).

Dihydroorotate dehydrogenase (DHODH) shares a similar
function with FSP1, as it can also reduce ubiquinone to
ubiquinol, forming an antiferroptotic mechanism similar to that
of the FSP1-CoQ10-CoQ10H2 system, known as the DHODH-
CoQI10H2 system, to inhibit ferroptosis (73). The distinction
between these two systems lies in their subcellular localization;
FSP1 is primarily distributed throughout the plasma membrane and
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other nonmitochondrial membranes, whereas DHODH is mainly
localized within the mitochondria (73). However, both systems
work in coordination with their respective xCT-GPX4 systems to
counteract the occurrence of lipid peroxides (74).

In the case of the GTP cyclohydrolase-1 (GCH1)
-tetrahydrobiopterin (BH4) pathway, GCHI is a critical enzyme
in BH4 biosynthesis, and both play essential roles in ferroptotic
antioxidant mechanisms. BH4 can promote the synthesis of CoQ10,
indirectly counteracting oxidative stress through the FSP1-CoQ10
system (75). Cells overexpressing GCH1 were found to possess two
polyunsaturated fatty acyl chains, a structural feature that
significantly protects against the depletion of PUFAs in
ferroptosis, serving as a physical defense mechanism against
ferroptosis (76).

NAD(P)H:quinone oxidoreductase 1 (NQO1), an NAD(P)H-
dependent quinone reductase similar to FSP1, can synergistically
promote the conversion of ubiquinone to ubiquinol, inhibiting
oxidation (77, 78). However, NQOL1 is substrate dependent, and
depending on the substrate, it may either promote or reduce ROS
generation, suggesting that the inhibitory effect of NQO1 on
oxidation may be unstable (79).

Therefore, as mentioned above, the FSP1-CoQ10 system clearly
plays a crucial role in the antioxidant mechanism of ferroptosis by
collaborating with multiple antioxidant systems, and this system
holds significant research prospects.

2.4.3 Other antioxidant systems

In the crucial xCT-GPX4 antioxidant system, Cys not only
participates in the classic xCT-GPX4 pathway of antioxidation but
also promotes the synthesis of sulfane sulfur (S°), thereby enhancing
the antioxidative mechanism (80). Cys serves as the primary source
of intracellular elemental sulfur (S (0)) and contributes to the
biosynthesis of hydrogen sulfide, hydrogen polysulfides, and
polysulfides, among other S° species (81). Among these, hydrogen
sulfide, in particular, is a potent ROS scavenger capable of reducing
lipid ROS generation to inhibit ferroptosis (80).

Furthermore, some mechanisms counteract ferroptosis by
inhibiting the synthesis of lipid ROS. A previous study revealed
that the gene encoding the phospholipid transporter SLC47A1 can
be activated by the transcription factor peroxisome proliferator-
activated receptor o. (PPARA). And the activated PPARA-SLC47A1
pathway inhibits the production of esterified PUFAs, namely,
cholesterol esters (CEs), to prevent lipid peroxidation in
ferroptosis (82). Additionally, LOXs, a critical driver of lipid ROS
formation, can be targeted to prevent ferroptosis. For example,
research has shown that inhibiting ALOX15 in cancer-associated
fibroblasts (CAFs) can block lipid ROS production, thereby
suppressing ferroptosis (83).

2.5 Mammalian target of rapamycin
The mTOR pathway is a central regulator of cell growth,

autophagy, and metabolism, comprising two distinct complexes:
mTOR complex 1 (mTORCI) and mTOR complex 2 (mTORC2)
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(84). While mTORC?2 is not well understood, mMTORCI1 has become a
central regulator of cell metabolism, proliferation, differentiation,
autophagy, and immune responses (85). The compositional
differences between mTORCI and mTORC2 influence their
sensitivity to rapamycin, rapamycin have shown therapeutic
potential, though combination therapies may be required to
overcome resistanc (86). The phosphoinositide 3-kinase (PI3K)/
protein kinase B (PKB, also called Akt)/mTOR (PAM) signaling
pathway is activated by immune stimulation and is tightly regulated
at multiple levels to prevent uncontrolled cellular proliferation (87).
phosphatase and tensin homolog (PTEN), as a lipid phosphatase,
dephosphorylates phosphatidylinositol-3,4,5-trisphosphate (PIP3)
back to phosphatidylinositol-4,5-bisphosphate (PIP2), negatively
regulating AKT signaling (87). Additionally, the tuberous sclerosis
complex (TSC) acts as a negative regulator of mTORCI by inhibiting
ras homolog enriched in the brain (Rheb), a GTPase that activates
mTORCI1 (88, 89). adenosine 5-monophosphate-activated protein
kinase (AMPK) is activated due to low ATP levels, it inhibits
mTORCI both directly through phosphorylation and indirectly by
activating the TSC (90, 91). Feedback loops within the pathway also
ensure that mTORCI activation suppresses upstream signaling to
prevent excessive cell growth and maintain metabolic balance (87).

In LN, hyperactivation of mTOR signaling has been linked to
glomerular damage, mesangial proliferation, and immune cell
dysregulation (92). Recent studies show that cordyceps proteins
(CP) modulate the mTOR pathway in LN, significantly reducing
interleukin-6 (IL-6) and interleukin-13 (IL-1B) levels (93).
Pharmacological inhibition of mTOR, such as with rapamycin,
mycophenolate, etc., has demonstrated renoprotective effects in
LN, underscoring its therapeutic potential (92, 94, 95). Research
has also found that magniferin (MG) and Astragali Radix
downregulate the mTOR pathway, thereby restoring T cell
imbalance in LN (67, 96). These compounds may offer
therapeutic potential by modulating the immune response and
reducing inflammation in LN through their effects on
mTOR signaling.

In LN, the activated T-cell receptor (TCR) regulates multiple
metabolic pathways through mTOR, enabling T cells to undergo
metabolic reprogramming from fatty acid oxidation and pyruvate
oxidation metabolic patterns to glycolysis and glutaminolysis (97-99).
During this process, changes associated with ferroptosis metabolism,
such as increased lipid synthesis and ROS production (100),
accumulation of labile iron (101), and weakened glutathione
metabolism (102), occur within T cells (103, 104). Therefore,
targeting the mTOR pathway in LN may not only help restore T
cell balance but also reduce ferroptosis in T cells, providing a potential
therapeutic strategy for managing LN (102).

2.6 NAD(P)H

NAD(P)H can serve as a biomarker for determining sensitivity
to ferroptosis (105). The pentose phosphate pathway is the primary
source of NAD(P)H, NAD(P)H plays a crucial role in ferroptosis
regulation by providing reducing equivalents for antioxidant
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defense mechanisms (106). For instance, NAD(P)H provides
hydrogen ions to convert cystine into cysteine, potentially
influencing GSH production and promoting the xCT-GPX4
antioxidant system, which inhibits ferroptosis (107, 108). NAD(P)
H functions through the FSP1-CoQl0-NAD(P)H pathway,
alongside GPX4 and glutathione, to prevent phospholipid
peroxidation (72). The study reveals that the mechanism of NAD
(P)H in ferroptosis involves the membrane-associated RING-CH-
type finger 6 (MARCHF6) E3 ubiquitin ligase in the
transmembrane endoplasmic reticulum interacts with NAD(P)H
through its C-terminal region, enhancing its activity and reducing
ferroptosis (109). However, NAD(P)H can also induce ferroptosis.
Electrons from NAD(P)H are transferred to oxygen by
oxidoreductases, generating hydrogen peroxide, which then reacts
with iron in the Fenton reaction, promoting ferroptosis (110).
Therefore, NAD(P)H, as a key double-edged regulator of
ferroptosis, plays a crucial role by supporting antioxidant defense
mechanisms to suppress ferroptosis while also contributing to its
occurrence through the generation of reactive oxygen species.
NAD(P)H-mediated ROS contributes to the immune imbalance
observed in LN. Superoxide production, driven by NOX, is elevated
in LN, contributing to the occurrence of ferroptosis (111). However,
ROS from NOX are also involved in efferocytosis, enhancing the
removal of dead cells and decreasing antigen production by
influencing pH levels and proteolysis in efferosomes (112).
Additionally, recent studies have demonstrated that NOX plays a

10.3389/fimmu.2024.1520570

role in SLE immunomodulation through its activity in the myeloid
compartment and its selective inhibition of TLR7 signaling in B
cells (113).

3 The role of T-cell ferroptosis in
immune regulation

3.1 T-cell ferroptosis and immune
regulation in cancer

The immune regulatory mechanism associated with metabolic
goals related to T-cell ferroptosis has attracted early interest in the
area of tumor research (Figure 2). Inducing ferroptosis in CD8+ T
cells is a vital tactic used by tumor cells to evade immune
surveillance since it is the primary mechanism by which these
cells are eliminated (114). CD8+ T cytotoxic (Tc) cells can be
classified into many subtypes, such as Tcl, Tc2, Tc9, Tcl7, and
Tc22 cells. The Tcl fraction is recognized as the conventional
cytotoxic T lymphocyte (CTL) fraction and functions as the main
effector subtype of CD8+ T cells (115). Furthermore, studies have
shown that activated CD8+ T lymphocytes are highly susceptible to
ferroptosis when they are present in the tumor microenvironment
(TME) (116). Research has shown that upregulation of the fatty acid
receptor CD36 on CTL results in increased production of PUFAs
inside the cells. This, in turn, facilitates the ferroptosis of CTL
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microenvironment, upregulation of Gpx4 in CD4+ Treg cells inhibits ferroptosis, leading to an increase in CD4+ Treg cells. Upregulation of the
CD36 receptor on the surface of CD8+ CTL enhance intracellular PUFAs synthesis, promoting ferroptosis and resulting in a decrease in CD8+ CTL.
Suppression of FRGs in CD4+ Th cells can promote ferroptosis, leading to a reduction in CD4+ Th cells. Thus, T cell immune imbalance regulated
by ferroptosis contributes to tumor development. (B) Mechanisms by Which T Cell Ferroptosis Suppresses Tumor Growth: Downregulating Gpx4 in
Treg cells can promote ferroptosis, increasing the number of CD4+ Treg cells. Blocking the CD36 receptor on CTL can inhibit ferroptosis, leading to
an increase in CTL. Tc9 can suppress PUFAs synthesis through the IL-9-STAT3-fatty acid oxidation pathway, avoiding ferroptosis. After the
suppression of FRGs in Th cells is lifted, it can promote an increase in Th cells. By reversing the T cell immune imbalance in the tumor environment,

tumor development can be inhibited.
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(3, 117). By blocking CD36 or suppressing CD8+ T cell ferroptosis,
it is possible to effectively restore their antitumor function.

Additionally, recent research has revealed the role of ferroptosis
in other CD8+ T cell subsets in tumor immune regulation. Among
the CD8+ effector T-cell subsets, Tc9 cells are characterized by IL-9
secretion (118). Although significantly fewer in number than CTL,
they possess a tumor-killing capability per cell comparable to that of
individual CTL (118). Notably, unlike CTL, Tc9 cells in the TME
can upregulate fatty acid oxidation through the IL-9-STAT3-fatty
acid oxidation pathway, reducing the accumulation of PUFAs and
preventing ferroptosis (119). Given that Tc9 cells are less prone to
ferroptosis in the TME than are CTL and have a higher survival
rate, adoptive replenishment of Tc9 cells is expected to be a new
therapeutic target for treating tumors.

In addition to enhancing the cytotoxic impact of CD8+ effector
T cells, CD4+ Th cells also stimulate B cells and other effector cells
to exhibit antitumor effects (120-122). Research has shown that in
the gastric cancer TME, inhibiting the expression of ferroptosis-
related genes (FRGs) in CD4+ Th cells weaken their activation,
which is associated with poor tumor prognosis (123). Conversely,
relieving the suppression of FRGs enhances the activation of CD4+
T cells in GC patients, improving the outcomes of immunotherapy.
Therefore, ferroptosis in CD4+ Th cells is closely linked to immune
imbalance, but the specific regulatory mechanisms require further
investigation for clarification.

Furthermore, the high infiltration of Treg cells in cancer
patients often indicates a low survival rate, as Treg cells play a
key role in tumor immune evasion by helping tumor cells withstand
antitumor immune responses (124). Several studies have shown
that Treg cells in tumors exhibit increased GPX4, which is positively
correlated with Treg cell survival (2, 125). Moreover, Treg cells
lacking Gpx4 can not only induce ferroptosis in Tregs but also
enhance the antitumor effect of Th17 cells through increased IL-1j,
both of which are mechanisms that inhibit tumor progression (2).
However, if lipid peroxides are further neutralized or iron chelators
are used, Treg cells can regain their protumor survival state of high
infiltration (2). Therefore, targeting Treg cell GPX4 or promoting
ferroptosis in Treg cells could be key to improving tumor
immunotolerance (Figure 2).

3.2 T-cell ferroptosis and immune
regulation in other diseases

In recent years, the immune regulation of T-cell ferroptosis has
also garnered attention in other diseases. Studies have shown that in
autoimmune encephalomyelitis, inhibiting GPX4 promotes an
excess of pathogenic T cells (126). Therefore, enhancing the xCT-
GPX4 axis or inhibiting other metabolic pathways that cause lipid
peroxidation in pathogenic T cells could be a new therapeutic
direction to improve the prognosis of patients with autoimmune
diseases. Research has shown that during external pathogen
infection, the xCT-GPX4 antioxidant system helps to suppress
the occurrence of ferroptosis in effector CD8+ and CD4+ T cells,
promoting their expansion and enabling them to mount an immune
response against pathogen invasion (4). Studies have also shown
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that by inhibiting mitochondrial ROS accumulation and promoting
GPX4 effects, ferroptosis in memory CD4+ T cells can be
suppressed, thereby contributing to long-term viral immune
protection (127). In summary, metabolism related to T-cell
ferroptosis and its key enzymes are critical targets for regulating
immune balance in diseases and warrant further study.

4 Ferroptosis and T-cell immune
imbalance in LN

LN is characterized by immune imbalance as an autoimmune
disease. In LN, there is often an immune imbalance characterized by
the upregulation of TFH cells, Teff cells and CD8+ effector T cells,
along with the downregulation of Treg cells (128, 129). Inducing
ferroptosis in B cells has been shown to reduce plasma cell
formation and antibody production, greatly improving the
prognosis of SLE (130). The cell debris produced by neutrophil
ferroptosis is a stable source of autoantigens in SLE, and inhibiting
neutrophil ferroptosis helps to alleviate SLE (70). However, recent
studies provide a direct challenge to the concept that NETs promote
autoimmunity and target organ injury in SLE (131).

T-cell ferroptosis also plays an immunoregulatory role has
garnered significant attention. Research in LN patients has shown
that iron accumulation within T cells promotes gene transcription by
driving DNA hydroxymethylation and demethylation, thereby
facilitating CD4+ T cell activation, which exacerbates lupus
manifestations (132). Targeting excessive iron uptake in T cells
could improve outcomes in SLE patients (133). Moreover, an in
vitro study revealed that the maturation of peripheral T cells is
closely related to T-cell ferroptosis (134). Research has shown that T-
cell GPX4 deficiency can induce ferroptosis and inhibit T-cell
proliferation (4). In the LN, to fulfill their corresponding effector
functions, various differentiated T-cell subsets need to utilize all
reprogrammed metabolic pathways to varying degrees (11, 135, 136).
And the distinct metabolic pathway preferences of different T-cell
subsets lead to changes in ferroptosis-related metabolism within
their respective cells (137). Therefore, ferroptosis-related metabolism
regulate abnormalities in the activation, development, maturation
and differentiation of T cells in the LN (Figure 3).

Below, we discuss the connection between immune imbalance
and ferroptosis-related metabolism in different T-cell subsets in the
LN, including TFH, Treg, CD8+ T and Teff cells, and summarize
the potential immunoregulatory mechanisms of T-cell ferroptosis
in the LN.

4.1 TFH cell

Upon activation, naive T cells differentiate into Teff in the LN,
which are promptly dispatched to sites of inflammation to mount
an immune response, whereas differentiated TFH cells remain
within the lymph nodes or lymphoid follicles, specifically the
germinal centers (GCs) (138). The characteristic phenotype of
TFH cells includes the expression of C-X-C chemokine receptor
type 5 (CXCR5), induced T cell costimulator (ICOS), programmed
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Immune Imbalance and Ferroptosis in Lupus Nephritis: (A) Non-T cell Immune Imbalance and Ferroptosis in Lupus Nephritis. Neutrophil ferroptosis
induces the formation of NETs, which promotes the production of a large number of pathogenic antigens. These antigens stimulate B cells to
activate into plasma cells and secrete antibodies, and the deposition of antibody-antigen complexes in the kidney leads to the onset of lupus
nephritis. B cell ferroptosis has been found to suppress B cells, thereby inhibiting the occurrence of lupus nephritis. (B) T cell Immune Imbalance and
Ferroptosis in Lupus Nephritis. Following the deposition of antibody-antigen complexes in the kidney, T cells in the kidney are promoted to become
activated and differentiated, ultimately secreting various inflammatory factors that advance renal inflammation. Ferroptosis regulates the state of T
cell immune imbalance by participating in the maturation, activation, and differentiation processes of T cells. NETs, neutrophil extracellular traps;

NETosis, The process of NET formation.

cell death protein 1 (PD-1), B-cell lymphoma 6 (Bcl-6), and
interleukin-21 (IL-21), which are integral to regulating the
differentiation of TFH cells and the formation of GCs (139). The
interaction between CXCR5 and its ligand C-X-C chemokine ligand
13 (CXCL13) facilitates the migration of TFH cells to GCs and
promotes sustained activation of B cells within GCs (140). BCL-6 is
the master transcription factor for TFH cells, leading to the
differentiation of naive T cells into TFH cells. Moreover, BCL-6
plays a crucial role in activating and differentiating B cells and
forming GCs by regulating various target genes involved in antigen-
triggered calcium signaling within TFH cells (141). Upon binding to
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its receptor on TFH cells, the cytokine IL-21 upregulates the
expression of BCL-6, CXCR5, and ICOS through the janus kinase
(JAK)- signal transducer and activator of transcription (STAT) axis,
indirectly promoting the migration of TFH cells and the production
of pathogenic antibodies (139). Studies have shown that targeting
the autocrine cytokine IL-21 in the TFH cells of mouse models of
SLE can help suppress the proliferation and development of TFH
and Th17 cells, providing a treatment for SLE (142). Therefore, the
upregulation of TFH cells in the LN, through high expression of the
aforementioned phenotypes, can promote the migration of TFH
cells to GCs and foster sustained reciprocal stimulation between
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TFH cells and B cells within GCs (142-144). And the upregulation
of TFH cells is a significant factor in the production of pathogenic
antibodies in LN and accelerates the progression to end-stage renal
disease in patients with LN (145).

Iron is an important element in promoting the normal
differentiation of T cells and maintaining normal metabolism
(146). Recent studies have shown that miR-21 overexpression in
CD4+T cells promote iron accumulation by inhibiting 3-
hydroxybutyrate dehydrogenase 2 (BDH2) in lupus-susceptible
mice. Cellular iron accumulation can promote BCL6 gene
hydroxymethylation by enhancing Fe2+-dependent TET enzyme
activity in TFH cells, thereby promoting TFH cell differentiation
(147). Given that the accumulation of intracellular iron not only is
crucial for TFH cell differentiation but can also induce ferroptosis,
whether the balance between these two factors can be modulated to
improve TFH cell immune imbalance has attracted increasing
attention (148).

Upon TCR activation, there is a marked increase in intracellular
ROS within T cells, which is primarily mediated by the mTOR
pathway, which represents the predominant source of ROS (149).
Studies have revealed that activated TFH cells contribute to elevated
ROS levels not only through intrinsic TCR signaling but also through
sustained interaction with B cells in GCs, thereby increasing ROS
production (99, 150). Furthermore, these activated TFH cells
accumulate lipid peroxides, and mitochondrial alterations are
consistent with a ferroptosis phenotype (150). Advanced
investigations have shown that specific deletion of GPX4 in mouse
T cells accelerates the depletion of TFH cells and attenuates the TFH-
B-cell interaction within GCs, leading to reduced production of
pathogenic antibodies. Conversely, selenium supplementation has
been found to reverse this trend (150). Thus, the selenium-GPX4-
ferroptosis axis is a central regulator of TFH cell immune
homeostasis. However, whether this axis can modulate immune
imbalances caused by increased TFH cells in the LN remains to be
confirmed by further research (Figure 4).

So far, clinical studies highlight the potential of targeting TFH
cells for LN treatment. Recent clinical studies have shown that a
CXCR5-directed antibody promotes the depletion of TFH cells in
SLE, demonstrating its clinical potential for treating autoimmune
diseases (151). Furthermore, follicular regulatory T (TFR) cells
localize to the GC where TFH cells reside by expressing CXCR5
and FoxP3 and regulate their function (152). A clinical study found
that PD-1 on TFR cells promotes hypermethylation in the CNS2
region of the FoxP3 gene, leading to reduced FoxP3 expression and
impaired suppressive function (153). However, IL-2 supplementation
therapy can restore this lost regulatory function in vitro (153).
Notably, recent clinical studies have demonstrated the potential of
low-dose IL-2 therapy in restoring TFR-TFH regulation in vivo (154).

4.2 Treg cell

The primary function of Treg cells is to inhibit hyperactive
pathogenic immune responses to maintain immune homeostasis.
They exert their immunosuppressive effects by directly or indirectly
targeting T cells and B cells, with the expression of Forkhead Box
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Protein 3 (FOXP3) being essential for sustaining immune tolerance
(136). Studies in LN have identified deficiencies in both the number
and function of Treg cells (155, 156). Treg cells highly express
CD25, and IL-2 can bind to the IL-2 receptor (IL-2R) subunit
CD25, which is also known as IL-2Ro (157). IL-2 stimulation is
crucial for the maintenance of Treg cells and for the differentiation
of CD4+ T cells into specific effector T cell subsets following
antigen-mediated activation (158).

The metabolic environment in LN following Naive T cell
activation has been found to be detrimental to Treg cell survival,
resulting in the downregulation of Treg cells (156). These changes
are closely associated with ferroptosis-related pathways, suggesting
that modulating ferroptosis could potentially enhance Treg cell
survival and help restore immune balance (128). For instance, the
survival and differentiation of Treg cells rely more on fatty acid
oxidation and oxidative phosphorylation for energy production,
necessitating a metabolic environment in Tregs that generates less
lipid ROS (159). Furthermore, research has found that the high
expression of thioredoxin-1 in human Treg cells counteracts the
oxidizing effects of ROS, resulting in a low ROS environment that
favors Treg cell survival (160). Therefore, inhibiting ferroptosis in
Tregs appears to be conducive to the metabolic environment
required for their proliferation and differentiation. Recent studies
in SLE have shown that blocking the cell surface protein CD71 to
reduce intracellular iron accumulation and inhibit ferroptosis
promotes Treg proliferation (133). In cancer-related research,
upregulation of GPX4 has been identified as a key mechanism to
inhibit ferroptosis in Treg cells and promote their survival (2, 161).
Hence, in LN, enhancing GPX4 activity or suppressing the
metabolic processes that lead to lipid ROS production in Treg
cells could likely be a critical mechanism to promote Treg
proliferation and differentiation, representing an important target
for improving LN prognosis.

A prospective study found that vitamin D treatment, currently
used in LN therapy, is beneficial for increasing Treg cells in SLE
patients (162). In SLE patients, Treg cell dysfunction has been found
to result from a persistent decrease in Foxp3 expression in Tregs,
mediated by the involvement of the OX40L/OX40 axis (163). In a
recent Phase I trial, infusion of umbilical cord-derived mesenchymal
stromal cells (MSCs) led to an increase in Treg cells in SLE patients,
showing effectiveness in treating lupus (164, 165). Since CD25 is the
high-affinity subunit of IL-2R, low-dose IL-2 preferentially expands
Treg cells, while higher doses further stimulate effector T cells and NK
cells (158). Phase II clinical trials have confirmed that low-dose IL-2 is
beneficial for active SLE by upregulating Treg cells (166, 167). These
researchs demonstrate the potential of Treg cell therapies for
treating LN.

4.3 CD4+ Teff cell

In LN, an increased immune imbalance involving Teff cells,
including Th17, Thl, and Th2 cells, is an important factor that
promotes inflammatory immune responses (168). Among these
factors, the significant increase in Th17 cells is a crucial pathogenic
mechanism in the renal damage experienced by LN patients (169).
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Immunological Regulation of Ferroptotic TFH Cells in Lupus Nephritis: (A) TFH Cells in Lupus Nephritis. In the context of lupus nephritis, the
interaction between TFH and B cells, along with TCR stimulation activation, leads to a significant increase in ROS within TFH cells. Concurrently,
there is an increase in Fe uptake within TFH cells. This not only promotes TFH cell differentiation and proliferation but also ferroptosis. However, the
overall effect of ferroptosis is less than that of promoting differentiation and proliferation, resulting in a large number of TFH cells contributing to the
progression of lupus nephritis. (B, C) Regulation of TFH Cell Immune Imbalance in Lupus Nephritis via the Selenium-GPX4-Ferroptosis Axis. By
downregulating GPX4, ferroptosis can be promoted, making its effect greater than that of promoting differentiation and proliferation, leading to a
reduction in TFH cells. Conversely, by increasing selenium to upregulate GPX4 activity, ferroptosis can be inhibited, thus diminishing its effect
compared to differentiation and proliferation, resulting in an increase in TFH cells.

The differentiation of Th17 cells in the LN requires the cytokines IL-6 ~ Furthermore, the cytokine interleukin-23 (IL-23) is vital for the
and transforming growth factor § (TGFp), which activate the lineage-  expansion and survival of pathogenic Thl7 cells in LN by
defining transcription factor receptor-related orphan nuclear  activating the STAT-3 pathway (173). Inflammatory cytokines
receptor yt (RORyt) through the JAK-STAT pathway (170-172).  secreted by Th17 cells, such as interleukin-17A (IL-17A),
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interleukin-17F (IL-17F), and interleukin-22 (IL-22), are key factors
that drive the progression of autoimmune kidney diseases (174).
Several studies have shown that the Th17/IL-17 axis significantly
contributes to structural and functional renal damage in lupus
nephritis by fostering proinflammatory environments and
activating profibrotic pathways through cytokine secretion (175, 176).

In healthy organisms, Thl cells secrete interleukin-12 (IL-12)
and interferon-gamma (IFN-7) to exert cellular immunity to prevent
bacterial and viral invasion (177). Th2 cells secrete interleukin-4 (IL-
4), IL-6, and interleukin-4 (IL-10) to perform humoral immunity
against helminths and other extracellular microbes (177). Research
has shown that IFN-y secreted by Thl cells inhibits Th2-related
functions, whereas IL-4 and IL-10 secreted by Th2 cells suppress
Thl-related functions (178, 179). In LN, an increasing body of
research has demonstrated that a Thl differentiation advantage,
which enhances cellular immune attack on healthy tissue cells, is
involved in the progression of LN (180, 181). Moreover,
inflammatory cytokines secreted by Thl cells promote the
formation of an inflammatory environment in the LN (182-184).
Specifically, autocrine interleukin-12 (IL-12) from Thl cells can
promote self-differentiation of Th1 cells and, together with T-bet
and the transcription factors STAT4 and STATI, drive the
production of the major inflammatory cytokine IFN-y in lupus
nephritis (185).

Research has revealed that in mammals, there are two types of
mTOR protein complexes: mTORC1 and mTORC2 (186).
mTORC1 promotes the differentiation of Thl cells and Thl7
cells, whereas mTORC2 mediates the differentiation of Th2 cells
(187). In lupus patients, studies have shown that inhibiting the
mTORCI1 pathway contributes to disease outcome (92, 188).
Therefore, the mTORCI1 pathway is crucial for the pathogenesis
of LN, and it promotes the formation of an immune imbalance
characterized by the upregulation of Th17 cells and a Thl cell
differentiation advantage in LN. In LN, since the mTOR protein
complex pathway is closely related to cellular metabolism, it affects
various Teff cells, including the synthesis of PUFAs, ROS
production, and other ferroptosis-related metabolic changes
(189, 190). Thus, whether ferroptosis can regulate the Teff
immune imbalance through ferroptosis metabolic targets is
worth investigating.

In LN, the hyperactivated PI3K/Akt/mTOR pathway mediates
high glycolytic metabolism and an elevated glutaminolysis pattern,
which promotes the hyperactivity of synthetic metabolic processes
such as protein, lipid, and carbohydrate metabolism within cells,
fostering the differentiation and proliferation of Teff cells (128, 133).
Studies have shown that the glucose transporter 1 (Glutl) is
expressed on Teff cells, which can further increase the glycolytic
metabolism of Teff cells (191). Further research revealed that
calcium/calmodulin-dependent protein kinase IV (CaMK4)
promotes the glycolytic process in Th17 cells by stimulating the
Akt/mTORCI pathway and upregulating Glutl (192). Additionally,
studies have shown that the mTOR pathway promotes the
expression of hypoxia-inducible Factor low (HIF1lo) in Thl7 cells,
enhancing glycolysis (193). Compared with other Teff cells, Th17
cells present high glycolytic metabolism, which significantly
promotes iron death-related metabolic changes, such as increased
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ROS production and increased synthesis of PUFAs, which are
positively correlated with the differentiation trends of each Teff
cell type.

An in vitro study revealed that glutaminolysis is crucial for Th17
inflammatory diseases such as LN. Owing to the different
dependencies of Teff cells on the glutaminolysis pathway,
glutaminolysis promotes the differentiation of Th17 cells but
constrains the differentiation of Thl cells and CTLs (194). The
glutaminolysis induced by mTOR leads to changes in the
accumulation of ROS in Teff cells (191). Initially, the breakdown
of glutamine in Teff cells yields glutamate. Glutamate can
subsequently increase the synthesis of GSH to inhibit the
production of ROS (195). Moreover, glutamate can be further
metabolized to produce o-ketoglutarate (0-KG). a-KG can
promote ROS generation through the tricarboxylic acid cycle to
enhance the mTOR-mediated metabolic pathway, and it can also
alter chromatin accessibility by affecting histone methylation,
thereby promoting cell differentiation (196). Therefore, the
differentiation of various Teff cells promoted by glutaminolysis is
positively correlated with the accumulation of ROS within
these cells.

In summary, the differentiation trends of Teff cells are positively
correlated with the accumulation of ROS and PUFAs within these
cells. The antioxidant gene nuclear factor erythroid 2-related factor
2 (NRF2) can significantly inhibit the difterentiation of Th17 cells in
LN by suppressing ROS, thereby improving prognosis, which also
confirms this point (197). Notably, these metabolic processes not
only promote the differentiation and proliferation of Teff cells but
also facilitate the occurrence of ferroptosis. Moreover, recent studies
have shown that the expression of the transferrin receptor CD71 on
the surface of Teff cells in SLE is significantly increased, with
noticeable accumulation of intracellular iron (133). Past research
has indicated that different Teff cells have varying levels of labile
iron stores, which may lead to inconsistent regulation of ferroptosis
among these cells (198). Notably, recent studies have shown that
activated CD4+ Teff cells do not exhibit the characteristic changes
in lipid ROS deposition associated with ferroptosis as much as TFH
cells do, which may be related to TFH cells having more sources of
ROS (148, 150). Similarly, since Th17 cells accumulate more ROS
and PUFAs than other Teft cells do, promoting an increase in lipid
ROS or inhibiting antioxidant mechanisms seems to be more
conducive to the occurrence of ferroptosis in Th17 cells.
Promoting Th17 cell ferroptosis is a promising therapeutic
direction for LN and warrants further investigation.

Studies have found that in SLE patients, CaMK4 inhibits the
transcription of IL-17A and IL-17F through dual mechanisms, by
suppressing the activation of CREMo. and the AKT/mTOR
pathway, thereby indirectly inhibiting Th17 differentiation (199).
After 6 months of vitamin D supplementation in SLE patients, it not
only has favorable clinical effects on SLE, but also produces
beneficial immunological effects by promoting a decrease in Thl
and Thl17 cells in these patients (162, 200). Ustekinumab is a
monoclonal antibody targeting the shared p40 subunit of IL-12
and IL-23 (201). IL-12 promotes the differentiation of Th1 cells and
the secretion of IFN-y, while the IL-23/Th17 axis plays a key role in
the development of lupus (202). After ustekinumab treatment in
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SLE patients, a significant reduction in the IFN-y response was
observed, but no modulation of Th17-related genes was detected
(202). Currently, the potential of Teff cell-driven treatment
strategies for LN is significant, but many aspects remain
unexplored and require further investigation.

4.4 CD8+ T cell

In LN, an increase in CD8+ T cells suggest a poor prognosis
(203, 204). Studies have shown that in patients with juvenile-onset
SLE, there is a significant increase in total CD8+ T cells and naive
CD8+ T cells, whereas effector memory CD8+ T cells are decreased
(205). A clinical study indicated that the expansion of CD8+
memory T cells was associated with a poor prognosis for patients
with LN (206). In LN, classic CD8+ effector T cells, namely, CTL,
have been found to have defects in their cytotoxic function. This not
only promotes autoimmune hyperactivity but also facilitates the
invasion of pathogens (207). Moreover, the potential effects of other
nonclassical CD8+ effector T cell subpopulations in the LN are
beginning to receive attention (208-210). For example,
subpopulations with effects similar to those of Treg cells have
been identified, and increasing their numbers may become a new
treatment method for LN (208, 211). Research has also revealed that
effector CD8+ T cells characterized by high expression of granzyme
K (GzmK) and low expression of granzyme B (GzmB) and perforin
have relatively weak cytotoxic effects, driving the development of
LN inflammation through the secretion of cytokines (207, 212, 213).
Therefore, molecules that regulate the immune balance of CD8+ T
cell subpopulations and related signaling pathways are potential
therapeutic targets for LN.

The mTORCI pathway affects the response of CD8+ effector T
cells, whereas mTORC2 activity regulates memory CD8+ T cells
(214). Therefore, metabolic processes within CD8+ T cells in the LN
promote ferroptosis caused by the accumulation of lipid ROS and
enhance cell differentiation. Studies have shown that Gpx4 is a major
factor for the survival of peripheral CD8+ T cells in the TME and that
ferroptosis induced by GPX4 deficiency can limit the expansion of
CD8+ T cells (4). Research has also demonstrated different
sensitivities to ferroptosis among CD8+ T cell subpopulations
(119). Thus, metabolic targets of ferroptosis, such as GPX4, are
likely key in regulating the proportions of different CD8+ T cell
subpopulations and suppressing the expansion of pathogenic CD8+
T cells in the LN. However, the regulatory mechanisms of ferroptosis
in various subpopulations of CD8+ T cells in the LN are still under
exploration and hold great promise.

In clinical studies of SLE patients, IFN-y produced by CD8+ T
cells is a key factor in enhancing indoleamine 2,3-dioxygenase
(IDO) activity, which promotes the therapeutic effect of allogeneic
MSCs in lupus (215). CD8+ T cells are the primary producers of
IFN-y in LN (216). Notably, the monoclonal antibody AMG 811,
which targets IFN-7, has demonstrated limited and transient effects
in LN patients (217). Currently, the effects of mTOR inhibitors on
CD8+ T cells have been identified in other diseases. For instance,
Everolimus, an mTOR inhibitor, has been shown to significantly
reduce the abundance and proliferation of CD8+ CD28- effector
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memory T (TEM) cell in post-kidney transplant patients, thereby
decreasing the progression of inflammation (218, 219). Given the
importance of mTOR in CD8+ T cells, clinical research on its role in
CD8+ T cells remain lacking.

5 Targeted ferroptosis in the
treatment of LN

5.1 Feasibility of targeting ferroptosis in
LN patients

Targeting ferroptosis in LN could offer a novel and more precise
approach compared to traditional therapies. One potential strategy
involves the use of ferroptosis inhibitors, such as ferrostatin-1 and
liproxstatin-1, which are known to prevent lipid peroxidation by
inhibiting the enzyme system responsible for ferroptosis (220, 221).
These inhibitors have been shown to attenuate kidney damage and
experimental models of SLE, suggesting their potential for clinical
application (70).

Another promising approach is the modulation of iron
metabolism. Iron chelators, such as deferasirox, have been used in
various diseases to reduce iron overload and prevent ferroptosis
(222, 223). In the context of LN, iron chelation may help decrease
iron overload, thereby reducing ferroptosis-associated kidney injury
(68, 224, 225). Additionally, agents such as Erastin, sulfasalazine
(SSZ), and BSO inhibit the xCT-GPX4 system (226), while allosteric
GPX4 activators promote the xCT-GPX4 system (227). Extensive
research in diseases like cancer has demonstrated the effectiveness
of these approaches (226). Regulating the GPX4 pathways could
provide another avenue for therapeutic intervention LN (228, 229).

5.2 Potential side effects and
safety considerations

While targeting ferroptosis offers exciting therapeutic potential,
there are several important considerations regarding safety and
potential side effects. Ferroptosis inhibitors and iron chelators,
although effective in preclinical studies, may have oft-target effects
that need to be carefully evaluated in clinical trials (230). For
instance, ferroptosis inhibitors may interfere with the normal
functioning of oxidative stress pathways, which play a critical role
in cellular defense against pathogens and cancer (231). Inhibition of
ferroptosis may impair the ability of immune cells to respond to
infections or tumorigenic cells, potentially increasing susceptibility
to infections or promoting tumorigenesis (232).

In addition, iron chelation may lead to iron deficiency, which
can impair cellular functions, particularly in rapidly dividing cells
such as those involved in immune responses and erythropoiesis
(233-235). Chronic iron depletion may also result in adverse effects
on other organs, including the heart and liver, leading to organ
dysfunction (236, 237).

Therefore, a balanced approach to targeting ferroptosis in LN is
essential. Therapeutic strategies should aim to specifically modulate
ferroptosis in the kidney and immune cells without affecting other
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critical physiological processes. Careful monitoring of iron levels,
ROS generation, and immune function will be necessary to avoid
unwanted side effects (238).

5.3 Current state of
therapeutic development

Currently, the development of ferroptosis-targeted therapies for
LN is in its early stages, with most studies being conducted in
preclinical models. However, several promising strategies are being
explored, and early-phase clinical trials are underway. For instance,
liproxstatin-1 have shown efficacy in treating autoimmune diseases
models, including LN (70). Iron chelators are being evaluated for
their ability to reduce albuminuria in LN, but their effects and
potential side effects related to ferroptosis and iron metabolism have
not yet been fully explored (225).

Furthermore, understanding the immune regulatory role of
ferroptosis in LN is critical for optimizing therapeutic strategies.
Ferroptosis has been shown to influence the activation and
differentiation of immune cells, such as T cells and B cell, which
are central to the pathogenesis of LN (130, 147). By modulating
ferroptosis in these immune cells, it may be possible to not only
mitigate kidney injury but also restore immune tolerance and
reduce autoimmunity (133).

6 Conclusions

Lupus nephritis often manifests as an immune imbalance
characterized by the upregulation of Teff cells and CD8+ effector
T cells, alongside the downregulation of Treg cells, which is related
to the abnormal differentiation of various T cells. We further
discovered that the cellular metabolism that induces T-cell
differentiation in LNs also leads to the accumulation of lipid ROS
within each T-cell subset. We found that Treg cell differentiation in
the LN is restricted, whereas the intracellular accumulation of lipid
ROS promotes ferroptosis. The differentiation of Teff cells in LN
and the accumulation of intracellular lipid ROS both exhibit varying
degrees of promotion, with a positive correlation observed between
these enhancements. Among these, TFH cells have a greater source
of ROS, leading to greater accumulation of lipid ROS in activated
TFH cells, followed by Th17 cells, with other Teff cells accumulating
even less.

Given the close relationship between T-cell ferroptosis
metabolic targets and the generation of lipid ROS, we have
summarized the potential mechanisms of immunoregulation by
ferroptosis metabolic targets in LN. We found that reducing the
accumulation of lipid ROS in Treg cells can promote Teff
differentiation and inhibit Teft ferroptosis, whereas enhancing the
accumulation of lipid ROS in Teff cells can significantly promote
Teff ferroptosis, an effect greater than its ability to promote Teft
differentiation. Notably, we emphasize the central regulatory role of
the selenium-GPX4-ferroptosis axis in the immune dysregulation of
TFH cells.
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Ferroptosis also plays a role in other autoimmune diseases,
including rheumatoid arthritis (RA) and multiple sclerosis (MS),
though the mechanisms differ from those in LN. In RA, iron
accumulation in synovial fibroblasts and macrophages contributes
to the inflammatory environment within the joints (239). Excess
iron promotes ROS production, leading to oxidative stress, which
damages joint tissues and accelerates disease progression (240).
However, RA primarily involves joint inflammation and does not
feature the same degree of systemic immune cell dysfunction as in
LN (241). In MS, oligodendrocytes is the cells responsible for the
formation of myelin sheaths in the central nervous system (242).
Iron accumulation in oligodendrocytes contributes to cell death
through ferroptosis, impairing myelin regeneration and promoting
neurodegeneration (243). While ferroptosis is implicated in the
pathogenesis of MS, the disease is more focused on central nervous
system damage rather than systemic immune dysfunction. In
diseases such as autoimmune thyroiditis, inflammatory bowel
disease (IBD), and myasthenia gravis (MG), ferroptosis-related
metabolism influences immune cell activation and inflammation
(244). Compared to LN, where ferroptosis directly contributes to
immune dysfunction and kidney damage, the role of ferroptosis in
these conditions is less directly reported.

Ferroptosis in LN has already garnered significant attention from
researchers. On one hand, ferroptosis in renal cells during
inflammation promotes tissue damage and triggers regional
inflammatory responses (68, 245). On the other hand, immune cells,
particularly T cells, contribute to persistent inflammation by
continuously releasing inflammatory cytokines and phagocytosing
healthy renal cells, underscoring their pivotal role in sustaining
inflammatory processes in LN (246, 247). Ferroptosis in immune
cells has been found to contribute throughout the process (248, 249).
Neutrophils ferroptosis contributing to the generation of autoantigens
(70). And inducing ferroptosis in B cells has been identified as an
optimal strategy to reduce sustained antibody production (130).
Although there is no direct evidence linking ferroptosis in T cells to
LN, changes in ferroptosis-related metabolic pathways in T cells—
including ROS, PUFAs, iron, GPX4, and GSH (100-102)—mediated
through the mTOR pathway indirectly suggest a critical role for T-cell
ferroptosis in regulating T-cell imbalance in LN (250).

Currently, various novel ferroptosis modulators, such as
mitochondrial-targeted nanodrug systems (251), have been used to
induce or block ferroptosis. However, the treatment of ferroptosis in
LN is still mainly at the animal experiment or limited case study stage.
More clinical trials are needed in the future to verify their safety and
efficacy. Based on the current understanding of ferroptosis-related
metabolic changes in T cells, we propose that ferroptosis-targeted
drugs, by modulating ROS, PUFAs, iron, GPX4, GSH, etc., could be
more beneficial for targeting T cells. Additionally, since ferroptosis
manifests differently in each T cell type, determining the appropriate
dose and adjusting drug combinations for inhibiting or promoting
ferroptosis in appropriate T cell subset will be a key focus for future
research. Currently, there is still much to explore regarding T cell
ferroptosis treatment in LN, which warrants further attention.

In summary, research on the role of T-cell ferroptosis in
immune regulation within the LN is still in its early stages. A
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better understanding of this potential immune regulatory
mechanism from the perspective of ferroptosis metabolism will
undoubtedly lead to novel therapeutic concepts. Not only could this
involve mitigating LN-induced tissue damage by inhibiting the
differentiation and survival of Teff cells, but it could also enhance
immune tolerance by increasing the number of Treg cells, allowing
for a more targeted approach to treating LN. Targeting additional
metabolic aspects of T-cell ferroptosis may represent a promising
future direction for the treatment of immune imbalance in LN.

Author contributions

YF: Writing - original draft. KM: Writing — original draft. YL:
Writing — original draft. JR: Writing — original draft. HP: Writing -
original draft. LY: Writing — review & editing. MN: Writing — review
& editing. XJ: Writing - review & editing. KW: Writing - review
& editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

1. Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in
disease. Nat Rev Mol Cell Biol. (2021) 22:266-82. doi: 10.1038/s41580-020-00324-8

2. Xu G, Sun S, Johnson T, Qi R, Zhang S, Zhang J, et al. The glutathione peroxidase
gpx4 prevents lipid peroxidation and ferroptosis to sustain treg cell activation and
suppression of antitumor immunity. Cell Rep. (2021) 35:109235. doi: 10.1016/
j.celrep.2021.109235

3. Ma X, Xiao L, Liu L, Ye L, Su P, Bi E, et al. Cd36-mediated ferroptosis dampens
intratumoral cd8+ T cell effector function and impairs their antitumor ability. Cell
Metab. (2021) 33:1001-1012.e5. doi: 10.1016/j.cmet.2021.02.015

4. Matsushita M, Freigang S, Schneider C, Conrad M, Bornkamm GW, Kopf M. T
cell lipid peroxidation induces ferroptosis and prevents immunity to infection. J Exp
Med. (2015) 212:555-68. doi: 10.1084/jem.20140857

5. Gershon RK, Kondo K. Cell interactions in the induction of tolerance: the role of
thymic lymphocytes. Immunology. (1970) 18:723-37.

6. Yu F, Haas M, Glassock R, Zhao M-H. Redefining lupus nephritis: clinical
implications of pathophysiologic subtypes. Nat Rev Nephrol. (2017) 13:483-95.
doi: 10.1038/nrneph.2017.85

7. Talaat RM, Mohamed SF, Bassyouni IH, Raouf AA. Th1/th2/th17/treg cytokine
imbalance in systemic lupus erythematosus (Sle) patients: correlation with disease
activity. Cytokine. (2015) 72:146-53. doi: 10.1016/j.cyt0.2014.12.027

8. Gao Y, Zeng Y, Xue W, Chen Y, Li Q, Bian Z, et al. Anti-il-12/23 P40 antibody
attenuates chronic graft-versus-host disease with lupus nephritis via inhibiting tfh cell
in mice. BioMed Pharmacother. (2020) 129:110396. doi: 10.1016/j.biopha.2020.110396

9. Kshirsagar S, Binder E, Riedl M, Wechselberger G, Steichen E, Edelbauer M.
Enhanced activity of akt in teff cells from children with lupus nephritis is associated
with reduced induction of tumor necrosis factor receptor-associated factor 6 and
increased ox40 expression. Arthritis Rheum. (2013) 65:2996-3006. doi: 10.1002/
art.38089

10. Tchen J, Simon Q, Chapart L, Thaminy MK, Vibhushan S, Saveanu L, et al. Pd-
LI- and il-4-expressing basophils promote pathogenic accumulation of T follicular
helper cells in lupus. Nat Commun. (2024) 15:3389. doi: 10.1038/s41467-024-47691-w

11. Pourreza E, Shahbazi M, Mirzakhani M, Yousefghahari B, Akbari R, Oliaei F,
et al. Increased frequency of activated regulatory T cells in patients with lupus nephritis.
Hum Immunol. (2022) 83:574-9. doi: 10.1016/j.humimm.2022.05.001

12. Battaglia AM, Chirillo R, Aversa I, Sacco A, Costanzo F, Biamonte F. Ferroptosis
and cancer: mitochondria meet the "Iron maiden" Cell death. Cells. (2020) 9:1505.
doi: 10.3390/cells9061505

Frontiers in Immunology

14

10.3389/fimmu.2024.1520570

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that Generative AI was used in the
creation of this manuscript. GENERATIVE Al was used for the
creation of this Manuscript. Authors used ChatGPT 4.0 to perform
statistical analysis.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

13. Waldvogel-Abramowski S, Waeber G, Gassner C, Buser A, Frey BM, Favrat B,
et al. Physiology of iron metabolism. Transfusion Med Hemotherapy. (2014) 41:213-21.
doi: 10.1159/000362888

14. Angoro B, Motshakeri M, Hemmaway C, Svirskis D, Sharma M. Non-transferrin
bound iron. Clin Chim Acta. (2022) 531:157-67. doi: 10.1016/j.cca.2022.04.004

15. Greenberg GR, Wintrobe MM. A labile iron pool. ] Biol Chem. (1946) 165:397.
doi: 10.1016/50021-9258(17)41250-6

16. Pollycove M, Magsood M. Existence of an erythropoietic labile iron pool in
animals. Nature. (1962) 194:152-4. doi: 10.1038/194152a0

17. Gao G, LiJ, Zhang Y, Chang Y-Z. Cellular iron metabolism and regulation. Adv
Exp Med Biol. (2019) 1173:21-32. doi: 10.1007/978-981-13-9589-5_2

18. Shi H, Bencze KZ, Stemmler TL, Philpott CC. A cytosolic iron chaperone that
delivers iron to ferritin. Science. (2008) 320:1207-10. doi: 10.1126/science.1157643

19. Leidgens S, Bullough KZ, Shi H, Li F, Shakoury-Elizeh M, Yabe T, et al. Each member
of the poly-R(C)-binding protein 1 (Pcbp) family exhibits iron chaperone activity toward
ferritin. J Biol Chem. (2013) 288:17791-802. doi: 10.1074/jbc.M113.460253

20. Katsarou A, Pantopoulos K. Basics and principles of cellular and systemic iron
homeostasis. Mol Aspects Med. (2020) 75:100866. doi: 10.1016/j.mam.2020.100866

21. Venkataramani V. Iron homeostasis and metabolism: two sides of a coin. Adv
Exp Med Biol. (2021) 1301:25-40. doi: 10.1007/978-3-030-62026-4_3

22. Zhang D-L, Rouault TA. How does hepcidin hinder ferroportin activity? Blood.
(2018) 131:840-2. doi: 10.1182/blood-2018-01-824151

23. Hou W, Xie Y, Song X, Sun X, Lotze MT, Zeh HJ 3rd, et al. Autophagy promotes
ferroptosis by degradation of ferritin. Autophagy. (2016) 12:1425-8. doi: 10.1080/
15548627.2016.1187366

24. Chen X, Yu C, Kang R, Kroemer G, Tang D. Cellular degradation systems in
ferroptosis. Cell Death Differ. (2021) 28:1135-48. doi: 10.1038/s41418-020-00728-1

25. Liu J, Liu Y, Wang Y, Li C, Xie Y, Klionsky DJ, et al. Tmem164 is a new
determinant of autophagy-dependent ferroptosis. Autophagy. (2023) 19:945-56.
doi: 10.1080/15548627.2022.2111635

26. WuY, Jiao H, Yue Y, He K, Jin Y, Zhang J, et al. Ubiquitin ligase E3 huwel/mule
targets transferrin receptor for degradation and suppresses ferroptosis in acute liver
injury. Cell Death Differ. (2022) 29:1705-18. doi: 10.1038/s41418-022-00957-6

27. Brown CW, Amante JJ, Chhoy P, Elaimy AL, Liu H, Zhu LJ, et al. Prominin2

drives ferroptosis resistance by stimulating iron export. Dev Cell. (2019) 51:575-86.e4.
doi: 10.1016/j.devcel.2019.10.007

frontiersin.org


https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1016/j.celrep.2021.109235
https://doi.org/10.1016/j.celrep.2021.109235
https://doi.org/10.1016/j.cmet.2021.02.015
https://doi.org/10.1084/jem.20140857
https://doi.org/10.1038/nrneph.2017.85
https://doi.org/10.1016/j.cyto.2014.12.027
https://doi.org/10.1016/j.biopha.2020.110396
https://doi.org/10.1002/art.38089
https://doi.org/10.1002/art.38089
https://doi.org/10.1038/s41467-024-47691-w
https://doi.org/10.1016/j.humimm.2022.05.001
https://doi.org/10.3390/cells9061505
https://doi.org/10.1159/000362888
https://doi.org/10.1016/j.cca.2022.04.004
https://doi.org/10.1016/S0021-9258(17)41250-6
https://doi.org/10.1038/194152a0
https://doi.org/10.1007/978-981-13-9589-5_2
https://doi.org/10.1126/science.1157643
https://doi.org/10.1074/jbc.M113.460253
https://doi.org/10.1016/j.mam.2020.100866
https://doi.org/10.1007/978-3-030-62026-4_3
https://doi.org/10.1182/blood-2018-01-824151
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1038/s41418-020-00728-1
https://doi.org/10.1080/15548627.2022.2111635
https://doi.org/10.1038/s41418-022-00957-6
https://doi.org/10.1016/j.devcel.2019.10.007
https://doi.org/10.3389/fimmu.2024.1520570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fan et al.

28. Brown CW, Chhoy P, Mukhopadhyay D, Karner ER, Mercurio AM. Targeting
prominin2 transcription to overcome ferroptosis resistance in cancer. EMBO Mol Med.
(2021) 13:e13792. doi: 10.15252/emmm.202013792

29. Xue C, Li M, Liu C, Li Y, Fei Y, Hu Y, et al. Nir-actuated remote activation of
ferroptosis in target tumor cells through a photothermally responsive iron-chelated
biopolymer nanoplatform. Angew Chem Int Ed Engl. (2021) 60:8938-47. doi: 10.1002/
anie.202016872

30. Kajarabille N, Latunde-Dada GO. Programmed cell-death by ferroptosis:
antioxidants as mitigators. Int J Mol Sci. (2019) 20:4968. doi: 10.3390/ijms20194968

31. Conrad M, Pratt DA. The chemical basis of ferroptosis. Nat Chem Biol. (2019)
15:1137-47. doi: 10.1038/s41589-019-0408-1

32. Qiu S, Zhong X, Meng X, Li S, Qian X, Lu H, et al. Mitochondria-localized cgas
suppresses ferroptosis to promote cancer progression. Cell Res. (2023) 33:299-311.
doi: 10.1038/541422-023-00788-1

33. Basit F, van Oppen LM, Schéckel L, Bossenbroek HM, van Emst-de Vries SE,
Hermeling JC, et al. Mitochondrial complex I inhibition triggers a mitophagy-
dependent ros increase leading to necroptosis and ferroptosis in melanoma cells. Cell
Death Dis. (2017) 8:2716. doi: 10.1038/cddis.2017.133

34. SulL, Zhang ], Gomez H, Kellum JA, Peng Z. Mitochondria ros and mitophagy in
acute kidney injury. Autophagy. (2023) 19:401-14. doi: 10.1080/
15548627.2022.2084862

35. Liu J, Kang R, Tang D. Signaling pathways and defense mechanisms of
ferroptosis. FEBS J. (2022) 289:7038-50. doi: 10.1111/febs.16059

36. Kagan VE, Mao G, Qu F, Angeli JPF, Doll S, Croix CS, et al. Oxidized
arachidonic and adrenic pes navigate cells to ferroptosis. Nat Chem Biol. (2017)
13:81-90. doi: 10.1038/nchembio.2238

37. LeeJ-Y, Nam M, Son HY, Hyun K, Jang SY, Kim JW, et al. Polyunsaturated fatty
acid biosynthesis pathway determines ferroptosis sensitivity in gastric cancer. Proc Natl
Acad Sci U.S.A. (2020) 117:32433-42. doi: 10.1073/pnas.2006828117

38. von Krusenstiern AN, Robson RN, Qian N, Qiu B, Hu F, Reznik E, et al.
Identification of essential sites of lipid peroxidation in ferroptosis. Nat Chem Biol.
(2023) 19:719-30. doi: 10.1038/s41589-022-01249-3

39. Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR.
Peroxidation of polyunsaturated fatty acids by lipoxygenases drives ferroptosis. Proc
Natl Acad Sci U.S.A. (2016) 113:E4966-E75. doi: 10.1073/pnas.1603244113

40. Kuwata H, Nakatani E, Shimbara-Matsubayashi S, Ishikawa F, Shibanuma M,
Sasaki Y, et al. Long-chain acyl-coa synthetase 4 participates in the formation of highly
unsaturated fatty acid-containing phospholipids in murine macrophages. Biochim
Biophys Acta Mol Cell Biol Lipids. (2019) 1864:1606-18. doi: 10.1016/
j-bbalip.2019.07.013

41. CuiJ, Wang Y, Tian X, Miao Y, Ma L, Zhang C, et al. Lpcat3 is transcriptionally
regulated by yap/zeb/ep300 and collaborates with acsl4 and yap to determine
ferroptosis sensitivity. Antioxidants Redox Signaling. (2023) 39:491-511.
doi: 10.1089/ars.2023.0237

42. Shah R, Shchepinov MS, Pratt DA. Resolving the role of lipoxygenases in the
initiation and execution of ferroptosis. ACS Cent Sci. (2018) 4:387-96. doi: 10.1021/
acscentsci.7b00589

43. Shintoku R, Takigawa Y, Yamada K, Kubota C, Yoshimoto Y, Takeuchi T, et al.
Lipoxygenase-mediated generation of lipid peroxides enhances ferroptosis induced by
erastin and rsl3. Cancer Sci. (2017) 108:2187-94. doi: 10.1111/cas.13380

44. Ma XH, Liu JH, Liu CY, Sun WY, Duan WJ, Wang G, et al. Alox15-launched
pufa-phospholipids peroxidation increases the susceptibility of ferroptosis in ischemia-
induced myocardial damage. Signal Transduct Target Ther. (2022) 7:288. doi: 10.1038/
541392-022-01090-z

45. Chu B, Kon N, Chen D, Li T, Liu T, Jiang L, et al. Alox12 is required for P53-
mediated tumour suppression through a distinct ferroptosis pathway. Nat Cell Biol.
(2019) 21:579-91. doi: 10.1038/s41556-019-0305-6

46. Koppula P, Zhuang L, Gan B. Cytochrome P450 reductase (Por) as a ferroptosis
fuel. Protein Cell. (2021) 12:675-9. doi: 10.1007/s13238-021-00823-0

47. Zheng ], Conrad M. The metabolic underpinnings of ferroptosis. Cell Metab.
(2020) 32:920-37. doi: 10.1016/j.cmet.2020.10.011

48. Wang C, Wang J, Pan X, Yu S, Chen M, Gao Y, et al. Reversing ferroptosis
resistance by mofs through regulation intracellular redox homeostasis. Asian ] Pharm
Sci. (2023) 18:100770. doi: 10.1016/j.ajps.2022.11.004

49. Mandal PK, Seiler A, Perisic T, Kolle P, Banjac Canak A, Forster H, et al. System
X(C)- and thioredoxin reductase 1 cooperatively rescue glutathione deficiency. J Biol
Chem. (2010) 285:22244-53. doi: 10.1074/jbc.M110.121327

50. Mandal PK, Schneider M, Kélle P, Kuhlencordt P, Forster H, Beck H, et al. Loss
of thioredoxin reductase 1 renders tumors highly susceptible to pharmacologic
glutathione deprivation. Cancer Res. (2010) 70:9505-14. doi: 10.1158/0008-
5472.CAN-10-1509

51. Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, et al. Selenium
utilization by gpx4 is required to prevent hydroperoxide-induced ferroptosis. Cell.
(2018) 172:409-422.e21. doi: 10.1016/j.cell.2017.11.048

52. Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin VA,
Hammond V], et al. Inactivation of the ferroptosis regulator gpx4 triggers acute
renal failure in mice. Nat Cell Biol. (2014) 16:1180-91. doi: 10.1038/ncb3064

Frontiers in Immunology

15

10.3389/fimmu.2024.1520570

53. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan
VS, et al. Regulation of ferroptotic cancer cell death by gpx4. Cell. (2014) 156:317-31.
doi: 10.1016/j.cell.2013.12.010

54. Canli O, Alankus YB, Grootjans S, Vegi N, Hiiltner L, Hoppe PS, et al.
Glutathione peroxidase 4 prevents necroptosis in mouse erythroid precursors. Blood.
(2016) 127:139-48. doi: 10.1182/blood-2015-06-654194

55. Alim I, Caulfield JT, Chen Y, Swarup V, Geschwind DH, Ivanova E, et al.
Selenium drives a transcriptional adaptive program to block ferroptosis and treat
stroke. Cell. (2019) 177:1262-1279.€25. doi: 10.1016/j.cell.2019.03.032

56. Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of
ferroptosis in cancer. Nat Rev Clin Oncol. (2021) 18:280-96. doi: 10.1038/s41571-
020-00462-0

57. Gao Y, Li Y, Cao H, Jia H, Wang D, Ren C, et al. Hypertoxic self-assembled
peptide with dual functions of glutathione depletion and biosynthesis inhibition for
selective tumor ferroptosis and pyroptosis. ] Nanobiotechnology. (2022) 20:390.
doi: 10.1186/s12951-022-01604-5

58. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. (2012) 149:1060—
72. doi: 10.1016/j.cell.2012.03.042

59. Cheff DM, Huang C, Scholzen KC, Gencheva R, Ronzetti MH, Cheng Q, et al.
The ferroptosis inducing compounds rsl3 and ml162 are not direct inhibitors of gpx4
but of txnrdl. Redox Biol. (2023) 62:102703. doi: 10.1016/j.redox.2023.102703

60. Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H, et al. Ferroptosis as a P53-
mediated activity during tumour suppression. Nature. (2015) 520:57-62. doi: 10.1038/
naturel4344

61. Liu L, de Leeuw K, Arends S, Doornbos-van der Meer B, Bulthuis MLC, van
Goor H, et al. Biomarkers of oxidative stress in systemic lupus erythematosus patients
with active nephritis. Antioxidants (Basel). (2023) 12:1627. doi: 10.3390/
antiox12081627

62. Pannu N, Bhatnagar A. Oxidative stress and immune complexes: pathogenic
mechanisms in pristane induced murine model of lupus. Immunobiology. (2020)
225:151871. doi: 10.1016/j.imbio.2019.11.006

63. Seiler A, Schneider M, Forster H, Roth S, Wirth EK, Culmsee C, et al.
Glutathione peroxidase 4 senses and translates oxidative stress into 12/15-
lipoxygenase dependent- and aif-mediated cell death. Cell Metab. (2008) 8:237-48.
doi: 10.1016/j.cmet.2008.07.005

64. Hu C, Du Y, Xu X, Li H, Duan Q, Xie Z, et al. Lipidomics revealed aberrant
metabolism of lipids including fahfas in renal tissue in the progression of lupus
nephritis in a murine model. Metabolites. (2021) 11:142. doi: 10.3390/metabo11030142

65. Chen J, Chen P, Song Y, Wei J, Wu F, Sun J, et al. Sting upregulation mediates
ferroptosis and inflammatory response in lupus nephritis by upregulating tbkl and
activating nf-xb signal pathway. J Biosci. (2024) 49:9. doi: 10.1007/s12038-023-00381-z

66. Honarpisheh M, Desai ], Marschner JA, Weidenbusch M, Lech M, Vielhauer V, etal.
Regulated necrosis-related molecule mrna expression in humans and mice and in murine
acute tissue injury and systemic autoimmunity leading to progressive organ damage, and
progressive fibrosis. Biosci Rep. (2016) 36:¢00425. doi: 10.1042/bsr20160336

67. Zhan K, Chen S, Ji L, Xu L, Zhang Y, Zhang Q, et al. Network pharmacology to
unveil the mechanism of astragali radix in the treatment of lupus nephritis via pi3k/akt/
mtor pathway. Sci Rep. (2024) 14:25983. doi: 10.1038/s41598-024-77897-3

68. Alli AA, Desai D, Elshika A, Conrad M, Proneth B, Clapp W, et al. Kidney
tubular epithelial cell ferroptosis links glomerular injury to tubulointerstitial pathology
in lupus nephritis. Clin Immunol. (2023) 248:109213. doi: 10.1016/.clim.2022.109213

69. Wang Z, Shen J, Ye K, Zhao J, Huang S, He S, et al. Neutrophil-derived il-6
potentially drives ferroptosis resistance in B cells in lupus kidney. Mediators
Inflammation. (2023) 2023:9810733. doi: 10.1155/2023/9810733

70. Li P, Jiang M, Li K, Li H, Zhou Y, Xiao X, et al. Glutathione peroxidase 4-
regulated neutrophil ferroptosis induces systemic autoimmunity. Nat Immunol. (2021)
22:1107-17. doi: 10.1038/s41590-021-00993-3

71. Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The coq
oxidoreductase fsp1 acts parallel to gpx4 to inhibit ferroptosis. Nature. (2019) 575:688—
92. doi: 10.1038/541586-019-1705-2

72. Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold I, et al. Fsp1 is a
glutathione-independent ferroptosis suppressor. Nature. (2019) 575:693-8.
doi: 10.1038/s41586-019-1707-0

73. Mao C, Liu X, Zhang Y, Lei G, Yan Y, Lee H, et al. Dhodh-mediated ferroptosis
defence is a targetable vulnerability in cancer. Nature. (2021) 593:586-90. doi: 10.1038/
541586-021-03539-7

74. Lei G, Zhuang L, Gan B. Targeting ferroptosis as a vulnerability in cancer. Nat
Rev Cancer. (2022) 22:381-96. doi: 10.1038/s41568-022-00459-0

75. Gao R, Wang J, Huang J, Wang T, Guo L, Liu W, et al. Fsp1-mediated ferroptosis
in cancer: from mechanisms to therapeutic applications. Apoptosis. (2024) 29:1019-37.
doi: 10.1007/s10495-024-01966-1

76. Kraft VAN, Bezjian CT, Pfeiffer S, Ringelstetter L, Miiller C, Zandkarimi F, et al.
Gtp cyclohydrolase 1/tetrahydrobiopterin counteract ferroptosis through lipid
remodeling. ACS Cent Sci. (2020) 6:41-53. doi: 10.1021/acscentsci.9b01063

77. Santoro MM. The antioxidant role of non-mitochondrial coq10: mystery solved!
Cell Metab. (2020) 31:13-5. doi: 10.1016/j.cmet.2019.12.007

frontiersin.org


https://doi.org/10.15252/emmm.202013792
https://doi.org/10.1002/anie.202016872
https://doi.org/10.1002/anie.202016872
https://doi.org/10.3390/ijms20194968
https://doi.org/10.1038/s41589-019-0408-1
https://doi.org/10.1038/s41422-023-00788-1
https://doi.org/10.1038/cddis.2017.133
https://doi.org/10.1080/15548627.2022.2084862
https://doi.org/10.1080/15548627.2022.2084862
https://doi.org/10.1111/febs.16059
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1073/pnas.2006828117
https://doi.org/10.1038/s41589-022-01249-3
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.1016/j.bbalip.2019.07.013
https://doi.org/10.1016/j.bbalip.2019.07.013
https://doi.org/10.1089/ars.2023.0237
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1021/acscentsci.7b00589
https://doi.org/10.1111/cas.13380
https://doi.org/10.1038/s41392-022-01090-z
https://doi.org/10.1038/s41392-022-01090-z
https://doi.org/10.1038/s41556-019-0305-6
https://doi.org/10.1007/s13238-021-00823-0
https://doi.org/10.1016/j.cmet.2020.10.011
https://doi.org/10.1016/j.ajps.2022.11.004
https://doi.org/10.1074/jbc.M110.121327
https://doi.org/10.1158/0008-5472.CAN-10-1509
https://doi.org/10.1158/0008-5472.CAN-10-1509
https://doi.org/10.1016/j.cell.2017.11.048
https://doi.org/10.1038/ncb3064
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1182/blood-2015-06-654194
https://doi.org/10.1016/j.cell.2019.03.032
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1186/s12951-022-01604-5
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.redox.2023.102703
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/nature14344
https://doi.org/10.3390/antiox12081627
https://doi.org/10.3390/antiox12081627
https://doi.org/10.1016/j.imbio.2019.11.006
https://doi.org/10.1016/j.cmet.2008.07.005
https://doi.org/10.3390/metabo11030142
https://doi.org/10.1007/s12038-023-00381-z
https://doi.org/10.1042/bsr20160336
https://doi.org/10.1038/s41598-024-77897-3
https://doi.org/10.1016/j.clim.2022.109213
https://doi.org/10.1155/2023/9810733
https://doi.org/10.1038/s41590-021-00993-3
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1038/s41586-021-03539-7
https://doi.org/10.1038/s41586-021-03539-7
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1007/s10495-024-01966-1
https://doi.org/10.1021/acscentsci.9b01063
https://doi.org/10.1016/j.cmet.2019.12.007
https://doi.org/10.3389/fimmu.2024.1520570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fan et al.

78. Ross D, Siegel D. The diverse functionality of nqo1 and its roles in redox control.
Redox Biol. (2021) 41:101950. doi: 10.1016/j.redox.2021.101950

79. YuJ, Zhong B, Zhao L, Hou Y, Ai N, Lu J-J, et al. Fighting drug-resistant lung
cancer by induction of nad(P)H:Quinone oxidoreductase 1 (Nqol)-mediated
ferroptosis. Drug Resist Update. (2023) 70:100977. doi: 10.1016/j.drup.2023.100977

80. Barayeu U, Schilling D, Eid M, Xavier da Silva TN, Schlicker L, Mitreska N, et al.
Hydropersulfides inhibit lipid peroxidation and ferroptosis by scavenging radicals. Nat
Chem Biol. (2023) 19:28-37. doi: 10.1038/s41589-022-01145-w

81. Filipovic MR, Zivanovic J, Alvarez B, Banerjee R. Chemical biology of H(2)S
signaling through persulfidation. Chem Rev. (2018) 118:1253-337. doi: 10.1021/
acs.chemrev.7b00205

82. Lin Z, LiuJ, Long F, Kang R, Kroemer G, Tang D, et al. The lipid flippase slc47al
blocks metabolic vulnerability to ferroptosis. Nat Commun. (2022) 13:7965.
doi: 10.1038/541467-022-35707-2

83. Zhang H, Deng T, Liu R, Ning T, Yang H, Liu D, et al. Caf secreted mir-522
suppresses ferroptosis and promotes acquired chemo-resistance in gastric cancer. Mol
Cancer. (2020) 19:43. doi: 10.1186/s12943-020-01168-8

84. Xie Y, Lei X, Zhao G, Guo R, Cui N. Mtor in programmed cell death and its
therapeutic implications. Cytokine Growth Factor Rev. (2023) 71-72:66-81.
doi: 10.1016/j.cytogfr.2023.06.002

85. Wataya-Kaneda M. Mammalian target of rapamycin and tuberous sclerosis
complex. ] Dermatol Sci. (2015) 79:93-100. doi: 10.1016/j.jdermsci.2015.04.005

86. Yang C, Malarkannan S. Transcriptional regulation of nk cell development by
mtor complexes. Front Cell Dev Biol. (2020) 8:566090. doi: 10.3389/fcell.2020.566090

87. Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W, Jones RH, et al. Pi3k/akt/
mtor signaling transduction pathway and targeted therapies in cancer. Mol Cancer.
(2023) 22:138. doi: 10.1186/s12943-023-01827-6

88. Yang H, Jiang X, Li B, Yang HJ, Miller M, Yang A, et al. Mechanisms of mtorcl
activation by rheb and inhibition by pras40. Nature. (2017) 552:368-73. doi: 10.1038/
nature25023

89. Potter CJ, Pedraza LG, Xu T. Akt regulates growth by directly phosphorylating
tsc2. Nat Cell Biol. (2002) 4:658-65. doi: 10.1038/ncb840

90. Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM, Mery A, Vasquez DS,
et al. Ampk phosphorylation of raptor mediates a metabolic checkpoint. Mol Cell.
(2008) 30:214-26. doi: 10.1016/j.molcel.2008.03.003

91. Inoki K, Zhu T, Guan KL. Tsc2 mediates cellular energy response to control cell
growth and survival. Cell. (2003) 115:577-90. doi: 10.1016/s0092-8674(03)00929-2

92. Stylianou K, Petrakis I, Mavroeidi V, Stratakis S, Vardaki E, Perakis K, et al. The
pi3k/akt/mtor pathway is activated in murine lupus nephritis and downregulated by
rapamycin. Nephrol Dial Transplant. (2011) 26:498-508. doi: 10.1093/ndt/gfq496

93. He LY, Niu SQ, Yang CX, Tang P, FuJJ, Tan L, et al. Cordyceps proteins alleviate
lupus nephritis through modulation of the stat3/mtor/nf-Kb signaling pathway. J
Ethnopharmacol. (2023) 309:116284. doi: 10.1016/j.jep.2023.116284

94. Berzal R, Agredano B, Gil M, Galindo M, Morales E. Mtor inhibitors in a patient
with lupus nephritis; why not? Nefrologia (Engl Ed). (2023) 43 Suppl 2:101-3.
doi: 10.1016/j.nefroe.2022.03.009

95. Zhang C, Chan CCY, Cheung KF, Chau MKM, Yap DYH, Ma MKM, et al. Effect

of mycophenolate and rapamycin on renal fibrosis in lupus nephritis. Clin Sci (Lond).
(2019) 133:1721-44. doi: 10.1042/cs20190536

96. Liang CL, Lu W, Zhou JY, Chen Y, Zhang Q, Liu H, et al. Mangiferin attenuates
murine lupus nephritis by inducing cd4+Foxp3+ Regulatory T cells via suppression of
mtor signaling. Cell Physiol Biochem. (2018) 50:1560-73. doi: 10.1159/000494654

97. Sinclair LV, Rolf J, Emslie E, Shi Y-B, Taylor PM, Cantrell DA. Control of
amino-acid transport by antigen receptors coordinates the metabolic reprogramming
essential for T cell differentiation. Nat Immunol. (2013) 14:500-8. doi: 10.1038/ni.2556

98. Frauwirth KA, Riley JL, Harris MH, Parry RV, Rathmell JC, Plas DR, et al. The
cd28 signaling pathway regulates glucose metabolism. Immunity. (2002) 16:769-77.
doi: 10.1016/S1074-7613(02)00323-0

99. Gerriets VA, Kishton R], Nichols AG, Macintyre AN, Inoue M, Ilkayeva O, et al.
Metabolic programming and pdhkl control cd4+ T cell subsets and inflammation. J
Clin Invest. (2015) 125:194-207. doi: 10.1172/JCI76012

100. Li X, Zhang X, Pan Y, Shi G, Ren J, Fan H, et al. Mtor regulates nlrp3
inflammasome activation via reactive oxygen species in murine lupus. Acta Biochim
Biophys Sin (Shanghai). (2018) 50:888-96. doi: 10.1093/abbs/gmy088

101. Sofroniadou S, Goldsmith D. Mammalian target of rapamycin (Mtor)
inhibitors: potential uses and a review of haematological adverse effects. Drug Saf.
(2011) 34:97-115. doi: 10.2165/11585040-000000000-00000

102. Perl A. Mtor activation is a biomarker and a central pathway to autoimmune
disorders, cancer, obesity, and aging. Ann N Y Acad Sci. (2015) 1346:33-44.
doi: 10.1111/nyas.12756

103. Lioulios G, Mitsoglou Z, Fylaktou A, Xochelli A, Christodoulou M, Stai S, et al.
Exhausted but not senescent T lymphocytes predominate in lupus nephritis patients.
Int ] Mol Sci. (2022) 23:13928. doi: 10.3390/ijms232213928

104. Tilstra JS, Avery L, Menk AV, Gordon RA, Smita S, Kane LP, et al. Kidney-
infiltrating T cells in murine lupus nephritis are metabolically and functionally
exhausted. J Clin Invest. (2018) 128:4884-97. doi: 10.1172/jci120859

Frontiers in Immunology

16

10.3389/fimmu.2024.1520570

105. Shimada K, Hayano M, Pagano NC, Stockwell BR. Cell-line selectivity improves
the predictive power of pharmacogenomic analyses and helps identify nadph as
biomarker for ferroptosis sensitivity. Cell Chem Biol. (2016) 23:225-35. doi: 10.1016/
j.chembiol.2015.11.016

106. Yang J, Lee Y, Hwang CS. The ubiquitin-proteasome system links nadph
metabolism to ferroptosis. Trends Cell Biol. (2023) 33:1088-103. doi: 10.1016/
j-tcb.2023.07.003

107. Ye L, Wen X, Qin J, Zhang X, Wang Y, Wang Z, et al. Metabolism-regulated
ferroptosis in cancer progression and therapy. Cell Death Dis. (2024) 15:196.
doi: 10.1038/s41419-024-06584-y

108. Hayes JD, Dinkova-Kostova AT. The nrf2 regulatory network provides an
interface between redox and intermediary metabolism. Trends Biochem Sci. (2014)
39:199-218. doi: 10.1016/j.tibs.2014.02.002

109. Nguyen KT, Mun SH, Yang J, Lee J, Seok OH, Kim E, et al. The marchf6 E3
ubiquitin ligase acts as an nadph sensor for the regulation of ferroptosis. Nat Cell Biol.
(2022) 24:1239-51. doi: 10.1038/541556-022-00973-1

110. Yan B, Ai Y, Sun Q, Ma Y, Cao Y, Wang J, et al. Membrane damage during
ferroptosis is caused by oxidation of phospholipids catalyzed by the oxidoreductases
por and cyb5r1. Mol Cell. (2021) 81:355-69.e10. doi: 10.1016/j.molcel.2020.11.024

111. Oates JC, Mashmoushi AK, Shaftman SR, Gilkeson GS. Nadph oxidase and
nitric oxide synthase-dependent superoxide production is increased in proliferative
lupus nephritis. Lupus. (2013) 22:1361-70. doi: 10.1177/0961203313507988

112. Urbonaviciute V, Luo H, Sjéwall C, Bengtsson A, Holmdahl R. Low production
of reactive oxygen species drives systemic lupus erythematosus. Trends Mol Med.
(2019) 25:826-35. doi: 10.1016/j.molmed.2019.06.001

113. Gordon RA, Cosgrove HA, Marinov A, Gingras S, Tilstra JS, Campbell AM,
et al. Nadph oxidase in B cells and macrophages protects against murine lupus by
regulation of tlr7. JCI Insight. (2024) 9:178563. doi: 10.1172/jci.insight.178563

114. Lin Z, Zou S, Wen K. The crosstalk of cd8+ T cells and ferroptosis in cancer.
Front Immunol. (2023) 14:1255443. doi: 10.3389/fimmu.2023.1255443

115. St Paul M, Ohashi PS. The roles of cd8+ T cell subsets in antitumor immunity.
Trends Cell Biol. (2020) 30:695-704. doi: 10.1016/j.tcb.2020.06.003

116. Drijvers JM, Gillis JE, Muijlwijk T, Nguyen TH, Gaudiano EF, Harris IS, et al.
Pharmacologic screening identifies metabolic vulnerabilities of cd8(+) T cells. Cancer
Immunol Res. (2021) 9:184-99. doi: 10.1158/2326-6066.Cir-20-0384

117. Cd36 activity causes ferroptosis in tumor-infiltrating cd8+ T cells. Cancer
Discovery. (2021) 11:0F24. doi: 10.1158/2159-8290.CD-RW2021-039

118. Wan J, Wu Y, Ji X, Huang L, Cai W, Su Z, et al. II-9 and il-9-producing cells in
tumor immunity. Cell Commun Signal. (2020) 18:50. doi: 10.1186/s12964-020-00538-5

119. Xiao L, Ma X, Ye L, Su P, Xiong W, Bi E, et al. Il-9/stat3/fatty acid oxidation-
mediated lipid peroxidation contributes to tc9 cell longevity and enhanced antitumor
activity. J Clin Invest. (2022) 132:e153247. doi: 10.1172/JCI153247

120. Borst ], Ahrends T, Babata N, Melief CJM, Kastenmiiller W. Cd4+ T cell help in
cancer immunology and immunotherapy. Nat Rev Immunol. (2018) 18:635-47.
doi: 10.1038/s41577-018-0044-0

121. Cui C, Wang]J, Fagerberg E, Chen PM, Connolly KA, Damo M, et al. Neoantigen-
Driven B Cell and Cd4 t Follicular Helper Cell Collaboration Promotes Anti-Tumor Cd8 T
cell Responses. Cell. (2021) 184:6101-18.e13. doi: 10.1016/j.cell.2021.11.007

122. Speiser DE, Chijioke O, Schaeuble K, Miinz C. Cd4(+) T cells in cancer. Nat
Cancer. (2023) 4:317-29. doi: 10.1038/s43018-023-00521-2

123. Yao F, Zhan Y, Pu Z, Lu Y, Chen ], Deng J, et al. Lncrnas target ferroptosis-
related genes and impair activation of cd4+ T cell in gastric cancer. Front Cell Dev Biol.
(2021) 9:797339. doi: 10.3389/fcell.2021.797339

124. Ohue Y, Nishikawa H. Regulatory T (Treg) cells in cancer: can treg cells be a
new therapeutic target? Cancer Sci. (2019) 110:2080-9. doi: 10.1111/cas.14069

125. Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer
immunosuppression - implications for anticancer therapy. Nat Rev Clin Oncol.
(2019) 16:356-71. doi: 10.1038/s41571-019-0175-7

126. Radaelli E, Assenmacher CA, Verrelle ], Banerjee E, Manero F, Khiati S, et al.
Mitochondrial defects caused by parl deficiency lead to arrested spermatogenesis and
ferroptosis. eLife. (2023) 12:¢84710. doi: 10.7554/eLife.84710

127. WangY, Tian Q, Hao Y, Yao W, LuJ, Chen C, et al. The kinase complex mtorc2
promotes the longevity of virus-specific memory cd4+ T cells by preventing ferroptosis.
Nat Immunol. (2022) 23:303-17. doi: 10.1038/s41590-021-01090-1

128. Shan J, Jin H, Xu Y. T cell metabolism: A new perspective on th17/treg cell
imbalance in systemic lupus erythematosus. Front Immunol. (2020) 11:1027.
doi: 10.3389/fimmu.2020.01027

129. Edelbauer M, Kshirsagar S, Riedl M, Billing H, Ténshoff B, Haffner D, et al.
Activity of childhood lupus nephritis is linked to altered T cell and cytokine
homeostasis. J Clin Immunol. (2012) 32:477-87. doi: 10.1007/s10875-011-9637-0

130. Chen Q, Xiang M, Gao Z, Lvu F, Sun Z, Wang Y, et al. The role of B-cell
ferroptosis in the pathogenesis of systemic lupus erythematosus. Clin Immunol. (2023)
256:109778. doi: 10.1016/j.clim.2023.109778

131. Gordon RA, Herter JM, Rosetti F, Campbell AM, Nishi H, Kashgarian M, et al.
Lupus and proliferative nephritis are pad4 independent in murine models. JCI Insight.
(2017) 2:¢92926. doi: 10.1172/jci.insight.92926

frontiersin.org


https://doi.org/10.1016/j.redox.2021.101950
https://doi.org/10.1016/j.drup.2023.100977
https://doi.org/10.1038/s41589-022-01145-w
https://doi.org/10.1021/acs.chemrev.7b00205
https://doi.org/10.1021/acs.chemrev.7b00205
https://doi.org/10.1038/s41467-022-35707-2
https://doi.org/10.1186/s12943-020-01168-8
https://doi.org/10.1016/j.cytogfr.2023.06.002
https://doi.org/10.1016/j.jdermsci.2015.04.005
https://doi.org/10.3389/fcell.2020.566090
https://doi.org/10.1186/s12943-023-01827-6
https://doi.org/10.1038/nature25023
https://doi.org/10.1038/nature25023
https://doi.org/10.1038/ncb840
https://doi.org/10.1016/j.molcel.2008.03.003
https://doi.org/10.1016/s0092-8674(03)00929-2
https://doi.org/10.1093/ndt/gfq496
https://doi.org/10.1016/j.jep.2023.116284
https://doi.org/10.1016/j.nefroe.2022.03.009
https://doi.org/10.1042/cs20190536
https://doi.org/10.1159/000494654
https://doi.org/10.1038/ni.2556
https://doi.org/10.1016/S1074-7613(02)00323-0
https://doi.org/10.1172/JCI76012
https://doi.org/10.1093/abbs/gmy088
https://doi.org/10.2165/11585040-000000000-00000
https://doi.org/10.1111/nyas.12756
https://doi.org/10.3390/ijms232213928
https://doi.org/10.1172/jci120859
https://doi.org/10.1016/j.chembiol.2015.11.016
https://doi.org/10.1016/j.chembiol.2015.11.016
https://doi.org/10.1016/j.tcb.2023.07.003
https://doi.org/10.1016/j.tcb.2023.07.003
https://doi.org/10.1038/s41419-024-06584-y
https://doi.org/10.1016/j.tibs.2014.02.002
https://doi.org/10.1038/s41556-022-00973-1
https://doi.org/10.1016/j.molcel.2020.11.024
https://doi.org/10.1177/0961203313507988
https://doi.org/10.1016/j.molmed.2019.06.001
https://doi.org/10.1172/jci.insight.178563
https://doi.org/10.3389/fimmu.2023.1255443
https://doi.org/10.1016/j.tcb.2020.06.003
https://doi.org/10.1158/2326-6066.Cir-20-0384
https://doi.org/10.1158/2159-8290.CD-RW2021-039
https://doi.org/10.1186/s12964-020-00538-5
https://doi.org/10.1172/JCI153247
https://doi.org/10.1038/s41577-018-0044-0
https://doi.org/10.1016/j.cell.2021.11.007
https://doi.org/10.1038/s43018-023-00521-2
https://doi.org/10.3389/fcell.2021.797339
https://doi.org/10.1111/cas.14069
https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.7554/eLife.84710
https://doi.org/10.1038/s41590-021-01090-1
https://doi.org/10.3389/fimmu.2020.01027
https://doi.org/10.1007/s10875-011-9637-0
https://doi.org/10.1016/j.clim.2023.109778
https://doi.org/10.1172/jci.insight.92926
https://doi.org/10.3389/fimmu.2024.1520570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fan et al.

132. Zhao M, Li M-Y, Gao X-F, Jia S-], Gao K-Q, Zhou Y, et al. Downregulation of
bdh2 modulates iron homeostasis and promotes DNA demethylation in cd4+ T cells of
systemic lupus erythematosus. Clin Immunol. (2018) 187:113-21. doi: 10.1016/
j.clim.2017.11.002

133. Voss K, Sewell AE, Krystofiak ES, Gibson-Corley KN, Young AC, Basham JH,
et al. Elevated transferrin receptor impairs T cell metabolism and function in systemic
lupus erythematosus. Sci Immunol. (2023) 8:eabq0178. doi: 10.1126/
sciimmunol.abq0178

134. Dash B, Belmonte PJ, Fine SR, Shapiro MJ, Chung JY, Schwab AD, et al. Murine
T cell maturation entails protection from mbl2, but complement proteins do not drive
clearance of cells that fail maturation in the absence of nkap. J Immunol. (2019)
203:408-17. doi: 10.4049/jimmunol.1801443

135. Sharabi A, Tsokos GC. T cell metabolism: new insights in systemic lupus
erythematosus pathogenesis and therapy. Nat Rev Rheumatol. (2020) 16:100-12.
doi: 10.1038/s41584-019-0356-x

136. LiY, Tang D, Yin L, Dai Y. New insights for regulatory T cell in lupus nephritis.
Autoimmun Rev. (2022) 21:103134. doi: 10.1016/j.autrev.2022.103134

137. Yin Y, Choi S-C, Xu Z, Perry DJ, Seay H, Croker BP, et al. Normalization of cd4
+ T cell metabolism reverses lupus. Sci Trans Med. (2015) 7:274ral8. doi: 10.1126/
scitranslmed.aaa0835

138. Crotty S. T follicular helper cell biology: A decade of discovery and diseases.
Immunity. (2019) 50:1132-48. doi: 10.1016/j.immuni.2019.04.011

139. Wei X, Niu X. T follicular helper cells in autoimmune diseases. ] Autoimmun.
(2023) 134:102976. doi: 10.1016/j.jaut.2022.102976

140. Haynes NM, Allen CDC, Lesley R, Ansel KM, Killeen N, Cyster JG. Role of
cxcr5 and cer7 in follicular th cell positioning and appearance of a programmed cell
death gene-lhigh germinal center-associated subpopulation. J Immunol. (2007)
179:5099-108. doi: 10.4049/jimmunol.179.8.5099

141. Liu D, Yan J, Sun J, Liu B, Ma W, Li Y, et al. Bcl6 controls contact-dependent
help delivery during follicular T-B cell interactions. Immunity. (2021) 54:2245-2255.e4.
doi: 10.1016/j.immuni.2021.08.003

142. Long D, Chen Y, Wu H, Zhao M, Lu Q. Clinical significance and
immunobiology of il-21 in autoimmunity. | Autoimmun. (2019) 99:1-14.
doi: 10.1016/j.jaut.2019.01.013

143. Lee SK, Silva DG, Martin JL, Pratama A, Hu X, Chang PP, et al. Interferon-I"
Excess leads to pathogenic accumulation of follicular helper T cells and germinal
centers. Immunity. (2012) 37:880-92. doi: 10.1016/j.immuni.2012.10.010

144. Liarski VM, Kaverina N, Chang A, Brandt D, Yanez D, Talasnik L, et al. Cell
distance mapping identifies functional T follicular helper cells in inflamed human renal
tissue. Sci Transl Med. (2014) 6:230ra46. doi: 10.1126/scitranslmed.3008146

145. Abraham R, Durkee MS, Ai ], Veselits M, Casella G, Asano Y, et al. Specific in
situ inflammatory states associate with progression to renal failure in lupus nephritis. J
Clin Invest. (2022) 132:e155350. doi: 10.1172/jci155350

146. Cronin SJF, Woolf CJ, Weiss G, Penninger JM. The role of iron regulation in
immunometabolism and immune-related disease. Front Mol Biosci. (2019) 6:116.
doi: 10.3389/fmolb.2019.00116

147. Gao X, Song Y, Wu J, Lu S, Min X, Liu L, et al. Iron-dependent epigenetic
modulation promotes pathogenic T cell differentiation in lupus. J Clin Invest. (2022)
132:e152345. doi: 10.1172/JCI152345

148. Chen Z, Wang N, Yao Y, Yu D. Context-dependent regulation of follicular
helper T cell survival. Trends Immunol. (2022) 43:309-21. doi: 10.1016/j.it.2022.02.002

149. FranChina DG, Dostert C, Brenner D. Reactive oxygen species: involvement in
T cell signaling and metabolism. Trends Immunol. (2018) 39:489-502. doi: 10.1016/
j.it.2018.01.005

150. Yao Y, Chen Z, Zhang H, Chen C, Zeng M, Yunis J, et al. Selenium-gpx4 axis
protects follicular helper T cells from ferroptosis. Nat Immunol. (2021) 22:1127-39.
doi: 10.1038/5s41590-021-00996-0

151. Cohen S, Beebe JS, Chindalore V, Guan S, Hassan-Zahraee M, Saxena M, et al.
A phase 1, randomized, double-blind, placebo-controlled, single- and multiple-dose
escalation study to evaluate the safety and pharmacokinetics/pharmacodynamics of pf-
06835375, a C-X-C chemokine receptor type 5 directed antibody, in patients with
systemic lupus erythematosus or rheumatoid arthritis. Arthritis Res Ther. (2024)
26:117. doi: 10.1186/s13075-024-03337-2

152. Linterman MA, Pierson W, Lee SK, Kallies A, Kawamoto S, Rayner TF, et al.
Foxp3+ Follicular regulatory T cells control the germinal center response. Nat Med.
(2011) 17:975-82. doi: 10.1038/nm.2425

153. Kurata I, Mikami N, Ohyama A, Osada A, Kondo Y, Tsuboi H, et al. Impaired
function of pd-1(+) follicular regulatory T cells in systemic lupus erythematosus. Clin
Exp Immunol. (2021) 206:28-35. doi: 10.1111/cei.13643

154. Miao M, Xiao X, Tian J, Zhufeng Y, Feng R, Zhang R, et al. Therapeutic potential of
targeting tfr/tth cell balance by low-dose-il-2 in active sle: A post hoc analysis from a
double-blind rct study. Arthritis Res Ther. (2021) 23:167. doi: 10.1186/s13075-021-02535-6

155. Li Y, Liu H, Yan H, Xiong J. Research advances on targeted-treg therapies on
immune-mediated kidney diseases. Autoimmun Rev. (2023) 22:103257. doi: 10.1016/
j-autrev.2022.103257

156. Bonelli M, Smolen JS, Scheinecker C. Treg and lupu. Ann Rheum Dis. (2010) 69
Suppl 1:i65-6. doi: 10.1136/ard.2009.117135

Frontiers in Immunology

17

10.3389/fimmu.2024.1520570

157. Boyman O, Sprent J. The role of interleukin-2 during homeostasis and
activation of the immune system. Nat Rev Immunol. (2012) 12:180-90. doi: 10.1038/
nri3156

158. Raeber ME, Caspar DP, Zurbuchen Y, Guo N, Schmid ], Michler J, et al.
Interleukin-2 immunotherapy reveals human regulatory T&Xa0;Cell subsets with
distinct functional and tissue-homing characteristics. Immunity. (2024) 57:2232-
50.e10. doi: 10.1016/j.immuni.2024.07.016

159. Gualdoni GA, Mayer KA, Goschl L, Boucheron N, Ellmeier W, Zlabinger GJ.
The amp analog aicar modulates the treg/th17 axis through enhancement of fatty acid
oxidation. FASEB J. (2016) 30:3800-9. doi: 10.1096/f.201600522R

160. Mougiakakos D, Johansson CC, Jitschin R, Bottcher M, Kiessling R. Increased
thioredoxin-1 production in human naturally occurring regulatory T cells confers
enhanced tolerance to oxidative stress. Blood. (2011) 117:857-61. doi: 10.1182/blood-
2010-09-307041

161. Tang B, Zhu J, Li J, Fan K, Gao Y, Cheng S, et al. The ferroptosis and iron-
metabolism signature robustly predicts clinical diagnosis, prognosis and immune
microenvironment for hepatocellular carcinoma. Cell Commun Signal. (2020) 18:174.
doi: 10.1186/s12964-020-00663-1

162. Terrier B, Derian N, Schoindre Y, Chaara W, Geri G, Zahr N, et al. Restoration
of regulatory and effector T cell balance and B cell homeostasis in systemic lupus
erythematosus patients through vitamin D supplementation. Arthritis Res Ther. (2012)
14:R221. doi: 10.1186/ar4060

163. Jacquemin C, Augusto JF, Scherlinger M, Gensous N, Forcade E, Douchet I,
et al. Ox401/0x40 axis impairs follicular and natural treg function in human sle. JCI
Insight. (2018) 3:¢122167. doi: 10.1172/jci.insight.122167

164. LiX, Wang D, Liang J, Zhang H, Sun L. Mesenchymal sct ameliorates refractory
cytopenia in patients with systemic lupus erythematosus. Bone Marrow Transplant.
(2013) 48:544-50. doi: 10.1038/bmt.2012.184

165. Kamen DL, Wallace C, Li Z, Wyatt M, Paulos C, Wei C, et al. Safety,
immunological effects and clinical response in a phase I trial of umbilical cord
mesenchymal stromal cells in patients with treatment refractory sle. Lupus Sci Med.
(2022) 9:e000704. doi: 10.1136/lupus-2022-000704

166. Humrich JY, Cacoub P, Rosenzwajg M, Pitoiset F, Pham HP, Guidoux J, et al.
Low-dose interleukin-2 therapy in active systemic lupus erythematosus (Lupil-2): A
multicentre, double-blind, randomised and placebo-controlled phase ii trial. Ann
Rheum Dis. (2022) 81:1685-94. doi: 10.1136/ard-2022-222501

167. Raeber ME, Caspar DP, Zurbuchen Y, Guo N, Schmid J, Michler J, et al.
Interleukin-2 immunotherapy reveals human regulatory T cell subsets with distinct
functional and tissue-homing characteristics. Immunity. (2024) 57:2232-50.e10.
doi: 10.1016/j.immuni.2024.07.016

168. Fakhfakh R, Zian Z, Elloumi N, Abida O, Bouallegui E, Houssaini H, et al. Th17
and th1 cells in systemic lupus erythematosus with focus on lupus nephritis. Immunol
Res. (2022) 70:644-53. doi: 10.1007/s12026-022-09296-7

169. Xing Q, Wang B, Su H, Cui ], LiJ. Elevated th17 cells are accompanied by foxp3+
Treg cells decrease in patients with lupus nephritis. Rheumatol Int. (2012) 32:949-58.
doi: 10.1007/500296-010-1771-0

170. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. The
orphan nuclear receptor rorgammat directs the differentiation program of
proinflammatory il-17+ T helper cells. Cell. (2006) 126:1121-33. doi: 10.1016/
j.cell.2006.07.035

171. Stark GR, Cheon H, Wang Y. Responses to cytokines and interferons that
depend upon jaks and stats. Cold Spring Harb Perspect Biol. (2018) 10:a028555.
doi: 10.1101/cshperspect.a028555

172. Maeda K, Kosugi T, Sato W, Kojima H, Sato Y, Kamimura D, et al. Cd147/
basigin limits lupus nephritis and th17 cell differentiation in mice by inhibiting the
interleukin-6/stat-3 pathway. Arthritis Rheumatol (Hoboken NJ). (2015) 67:2185-95.
doi: 10.1002/art.39155

173. Veldhoen M, Hocking RJ, Atkins CJ, Locksley RM, Stockinger B. Tgfbeta in the
context of an inflammatory cytokine milieu supports de novo differentiation of il-17-
producing T cells. Immunity. (2006) 24:179-89. doi: 10.1016/j.immuni.2006.01.001

174. Dolff S, Witzke O, Wilde B. Th17 cells in renal inflammation and
autoimmunity. Autoimmun Rev. (2019) 18:129-36. doi: 10.1016/j.autrev.2018.08.006

175. Krebs CF, Panzer U. Plasticity and heterogeneity of th17 in immune-mediated
kidney diseases. ] Autoimmun. (2018) 87:61-8. doi: 10.1016/j.jaut.2017.12.005

176. Paquissi FC, Abensur H. The th17/il-17 axis and kidney diseases, with focus on
lupus nephritis. Front Med (Lausanne). (2021) 8:654912. doi: 10.3389/
fmed.2021.654912

177. Zhu ], Yamane H, Cote-Sierra J, Guo L, Paul WE. Gata-3 promotes th2
responses through three different mechanisms: induction of th2 cytokine production,
selective growth of th2 cells and inhibition of th1 cell-specific factors. Cell Res. (2006)
16:3-10. doi: 10.1038/sj.cr.7310002

178. Mosmann TR. Role of a new cytokine, interleukin-10, in the cross-regulation of
T helper cells. Ann N Y Acad Sci. (1991) 628:337-44. doi: 10.1111/j.1749-
6632.1991.tb17266.x

179. Fiorentino DF, Zlotnik A, Mosmann TR, Howard M, O'Garra A. II-10 inhibits
cytokine production by activated macrophages. J Immunol. (1991) 147:3815-22.
doi: 10.4049/jimmunol.147.11.3815

frontiersin.org


https://doi.org/10.1016/j.clim.2017.11.002
https://doi.org/10.1016/j.clim.2017.11.002
https://doi.org/10.1126/sciimmunol.abq0178
https://doi.org/10.1126/sciimmunol.abq0178
https://doi.org/10.4049/jimmunol.1801443
https://doi.org/10.1038/s41584-019-0356-x
https://doi.org/10.1016/j.autrev.2022.103134
https://doi.org/10.1126/scitranslmed.aaa0835
https://doi.org/10.1126/scitranslmed.aaa0835
https://doi.org/10.1016/j.immuni.2019.04.011
https://doi.org/10.1016/j.jaut.2022.102976
https://doi.org/10.4049/jimmunol.179.8.5099
https://doi.org/10.1016/j.immuni.2021.08.003
https://doi.org/10.1016/j.jaut.2019.01.013
https://doi.org/10.1016/j.immuni.2012.10.010
https://doi.org/10.1126/scitranslmed.3008146
https://doi.org/10.1172/jci155350
https://doi.org/10.3389/fmolb.2019.00116
https://doi.org/10.1172/JCI152345
https://doi.org/10.1016/j.it.2022.02.002
https://doi.org/10.1016/j.it.2018.01.005
https://doi.org/10.1016/j.it.2018.01.005
https://doi.org/10.1038/s41590-021-00996-0
https://doi.org/10.1186/s13075-024-03337-2
https://doi.org/10.1038/nm.2425
https://doi.org/10.1111/cei.13643
https://doi.org/10.1186/s13075-021-02535-6
https://doi.org/10.1016/j.autrev.2022.103257
https://doi.org/10.1016/j.autrev.2022.103257
https://doi.org/10.1136/ard.2009.117135
https://doi.org/10.1038/nri3156
https://doi.org/10.1038/nri3156
https://doi.org/10.1016/j.immuni.2024.07.016
https://doi.org/10.1096/fj.201600522R
https://doi.org/10.1182/blood-2010-09-307041
https://doi.org/10.1182/blood-2010-09-307041
https://doi.org/10.1186/s12964-020-00663-1
https://doi.org/10.1186/ar4060
https://doi.org/10.1172/jci.insight.122167
https://doi.org/10.1038/bmt.2012.184
https://doi.org/10.1136/lupus-2022-000704
https://doi.org/10.1136/ard-2022-222501
https://doi.org/10.1016/j.immuni.2024.07.016
https://doi.org/10.1007/s12026-022-09296-7
https://doi.org/10.1007/s00296-010-1771-0
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1016/j.cell.2006.07.035
https://doi.org/10.1101/cshperspect.a028555
https://doi.org/10.1002/art.39155
https://doi.org/10.1016/j.immuni.2006.01.001
https://doi.org/10.1016/j.autrev.2018.08.006
https://doi.org/10.1016/j.jaut.2017.12.005
https://doi.org/10.3389/fmed.2021.654912
https://doi.org/10.3389/fmed.2021.654912
https://doi.org/10.1038/sj.cr.7310002
https://doi.org/10.1111/j.1749-6632.1991.tb17266.x
https://doi.org/10.1111/j.1749-6632.1991.tb17266.x
https://doi.org/10.4049/jimmunol.147.11.3815
https://doi.org/10.3389/fimmu.2024.1520570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fan et al.

180. Chen W, Li W, Zhang Z, Tang X, Wu S, Yao G, et al. Lipocalin-2 exacerbates
lupus nephritis by promoting thl cell differentiation. ] Am Soc Nephrol. (2020)
31:2263-77. doi: 10.1681/ASN.2019090937

181. Yang X, Yao G, Chen W, Tang X, Feng X, Sun L. Exacerbation of lupus
nephritis by high sodium chloride related to activation of sgkl pathway. Int
Immunopharmacol. (2015) 29:568-73. doi: 10.1016/j.intimp.2015.09.027

182. Chen S, Hu D, Shi X, Shen N, Gu Y, Bao C. The relationship between th1/th2-
type cells and disease activity in patients with systemic lupus erythematosus. Chin Med
J (Engl). (2000) 113:877-80.

183. Gomez D, Correa PA, Gomez LM, Cadena ], Molina JF, Anaya JM. Th1/th2
cytokines in patients with systemic lupus erythematosus: is tumor necrosis factor alpha
protective? Semin Arthritis Rheum. (2004) 33:404-13. doi: 10.1016/
j.semarthrit.2003.11.002

184. Sigdel KR, Duan L, Wang Y, Hu W, Wang N, Sun Q, et al. Serum cytokines th1,
th2, and th17 expression profiling in active lupus nephritis-iv: from a southern chinese
han population. Mediators Inflammation. (2016) 2016:4927530. doi: 10.1155/2016/
4927530

185. Gately MK, Renzetti LM, Magram J, Stern AS, Adorini L, Gubler U, et al. The
interleukin-12/interleukin-12-receptor system: role in normal and pathologic immune
responses. Annu Rev Immunol. (1998) 16:495-521. doi: 10.1146/
annurev.immunol.16.1.495

186. Loewith R, Jacinto E, Wullschleger S, Lorberg A, Crespo JL, Bonenfant D, et al.
Two tor complexes, only one of which is rapamycin sensitive, have distinct roles in cell
growth control. Mol Cell. (2002) 10:457-68. doi: 10.1016/S1097-2765(02)00636-6

187. Delgoffe GM, Pollizzi KN, Waickman AT, Heikamp E, Meyers DJ, Horton MR,
et al. The kinase mtor regulates the differentiation of helper T cells through the selective
activation of signaling by mtorcl and mtorc2. Nat Immunol. (2011) 12:295-303.
doi: 10.1038/ni.2005

188. Lai Z-W, Kelly R, Winans T, Marchena I, Shadakshari A, Yu J, et al. Sirolimus
in Patients with Clinically Active Systemic Lupus Erythematosus Resistant to, or
Intolerant of, Conventional Medications: A Single-Arm, Open-Label, Phase 1/2 Trial.
Lancet. (2018) 391:1186-96. doi: 10.1016/S0140-6736(18)30485-9

189. Szwed A, Kim E, Jacinto E. Regulation and metabolic functions of mtorcl and
mtorc2. Physiol Rev. (2021) 101:1371-426. doi: 10.1152/physrev.00026.2020

190. Sun W, Li P, Cai ], Ma J, Zhang X, Song Y, et al. Lipid metabolism: immune
regulation and therapeutic prospectives in systemic lupus erythematosus. Front
Immunol. (2022) 13:860586. doi: 10.3389/fimmu.2022.860586

191. Michalek RD, Gerriets VA, Jacobs SR, Macintyre AN, Maclver NJ, Mason EF,
et al. Cutting edge: distinct glycolytic and lipid oxidative metabolic programs are
essential for effector and regulatory cd4+ T cell subsets. J Immunol. (2011) 186:3299-
303. doi: 10.4049/jimmunol.1003613

192. Koga T, Sato T, Furukawa K, Morimoto S, Endo Y, Umeda M, et al. Promotion
of calcium/calmodulin-dependent protein kinase 4 by glutl-dependent glycolysis in
systemic lupus erythematosus. Arthritis Rheumatol (Hoboken NJ). (2019) 71:766-72.
doi: 10.1002/art.40785

193. Shi LZ, Wang R, Huang G, Vogel P, Neale G, Green DR, et al. Hiflalpha-
dependent glycolytic pathway orchestrates a metabolic checkpoint for the
differentiation of th17 and treg cells. ] Exp Med. (2011) 208:1367-76. doi: 10.1084/
jem.20110278

194. Johnson MO, Wolf MM, Madden MZ, Andrejeva G, Sugiura A, Contreras DC,
et al. Distinct regulation of th17 and th1 cell differentiation by glutaminase-dependent
metabolism. Cell. (2018) 175:2245-2255.e4. doi: 10.1016/j.cell.2018.10.001

195. Wang G, Su Z, Li H, Xiao L, Li C, Lian G. The role of metabolism in th17 cell
differentiation and autoimmune diseases. Int Immunopharmacol. (2022) 103:108450.
doi: 10.1016/j.intimp.2021.108450

196. Nakajima H, Kunimoto H. Tet2 as an epigenetic master regulator for normal
and Malignant hematopoiesis. Cancer Sci. (2014) 105:1093-9. doi: 10.1111/cas.12484

197. Zhao M, Chen H, Ding Q, Xu X, Yu B, Huang Z. Nuclear factor erythroid 2-
related factor 2 deficiency exacerbates lupus nephritis in B6/Ipr mice by regulating th17
cell function. Sci Rep. (2016) 6:38619. doi: 10.1038/srep38619

198. Thorson JA, Smith KM, Gomez F, Naumann PW, Kemp JD. Role of iron in T
cell activation: th1 clones differ from th2 clones in their sensitivity to inhibition of DNA
synthesis caused by igg mabs against the transferrin receptor and the iron chelator
deferoxamine. Cell Immunol. (1991) 134:126-37. doi: 10.1016/0008-8749(91)90336-a

199. Koga T, Hedrich CM, Mizui M, Yoshida N, Otomo K, Lieberman LA, et al.
Camk4-dependent activation of akt/mtor and crem-o. Underlies autoimmunity-
associated th17 imbalance. J Clin Invest. (2014) 124:2234-45. doi: 10.1172/jci73411

200. Marinho A, Carvalho C, Boleixa D, Bettencourt A, Leal B, Guimaries J, et al.
Vitamin D supplementation effects on foxp3 expression in T cells and foxp3(+)/il-17a
ratio and clinical course in systemic lupus erythematosus patients: A study in a
portuguese cohort. Immunol Res. (2017) 65:197-206. doi: 10.1007/s12026-016-8829-3

201. van Vollenhoven RF, Hahn BH, Tsokos GC, Wagner CL, Lipsky P, Touma Z, et al.
Efficacy and safety of ustekinumab, an il-12 and il-23 inhibitor, in patients with active
systemic lupus erythematosus: results of a multicentre, double-blind, phase 2, randomised,
controlled study. Lancet. (2018) 392:1330-9. doi: 10.1016/s0140-6736(18)32167-6

202. Cesaroni M, Seridi L, Loza MJ, Schreiter ], Sweet K, Franks C, et al. Suppression
of serum interferon-I" Levels as a potential measure of response to ustekinumab

Frontiers in Immunology

10.3389/fimmu.2024.1520570

treatment in patients with systemic lupus erythematosus. Arthritis Rheumatol. (2021)
73:472-7. doi: 10.1002/art.41547

203. Fava A, Buyon J, Mohan C, Zhang T, Belmont HM, Izmirly P, et al. Integrated
urine proteomics and renal single-cell genomics identify an ifn-I" Response gradient in
lupus nephritis. JCI Insight. (2020) 5:¢138345. doi: 10.1172/jci.insight.138345

204. Zhang T, Wang M, Zhang J, Feng X, Liu Z, Cheng Z. Association between
tubulointerstitial ¢cd8+T cells and renal prognosis in lupus nephritis. Int
Immunopharmacol. (2021) 99:107877. doi: 10.1016/j.intimp.2021.107877

205. Ciurtin C, Pineda-Torra I, Jury EC, Robinson GA. Cd8+ T-cells in juvenile-
onset sle: from pathogenesis to comorbidities. Front Med (Lausanne). (2022) 9:904435.
doi: 10.3389/fmed.2022.904435

206. Wang H, Lan L, Chen J, Xiao L, Han F. Peripheral blood T-cell subset and its
clinical significance in lupus nephritis patients. Lupus Sci Med. (2022) 9:e000717.
doi: 10.1136/lupus-2022-000717

207. Tang X, Li X, Zhang D, Han W. Astragaloside-iv alleviates high glucose-
induced ferroptosis in retinal pigment epithelial cells by disrupting the expression of
mir-138-5p/sirtl/nrf2. Bioengineered. (2022) 13:8240-54. doi: 10.1080/
21655979.2022.2049471

208. Chen P-M, Tsokos GC. The role of cd8+ T-cell systemic lupus erythematosus
pathogenesis: an update. Curr Opin Rheumatol. (2021) 33:586-91. doi: 10.1097/
BOR.0000000000000815

209. Minning S, Xiaofan Y, Angi X, Bingjie G, Dinglei S, Mingshun Z, et al.
Imbalance between cd8(+)Cd28(+) and cd8(+)Cd28(-) T-cell subsets and its clinical
significance in patients with systemic lupus erythematosus. Lupus. (2019) 28:1214-23.
doi: 10.1177/0961203319867130

210. Xiong H, Cui M, Kong N, Jing J, Xu Y, Liu X, et al. Cytotoxic cd161(-)Cd8(+) T
(Emra) cells contribute to the pathogenesis of systemic lupus erythematosus.
EBioMedicine. (2023) 90:104507. doi: 10.1016/j.ebiom.2023.104507

211. Horwitz DA, Bickerton S, Koss M, Fahmy TM, La Cava A. Suppression of
murine lupus by cd4+ and cd8+ Treg cells induced by T cell-targeted nanoparticles
loaded with interleukin-2 and transforming growth factor B. Arthritis Rheumatol.
(2019) 71:632-40. doi: 10.1002/art.40773

212. Jonsson AH, Zhang F, Dunlap G, Gomez-Rivas E, Watts GFM, Faust HJ, et al.
Granzyme K(+) c¢d8 T cells form a core population in inflamed human tissue. Sci Transl
Med. (2022) 14:eabo0686. doi: 10.1126/scitranslmed.abo0686

213. Perez RK, Gordon MG, Subramaniam M, Kim MC, Hartoularos GC, Targ S,
et al. Single-cell rna-seq reveals cell type-specific molecular and genetic associations to
lupus. Science. (2022) 376:eabf1970. doi: 10.1126/science.abf1970

214. Pollizzi KN, Patel CH, Sun I-H, Oh M-H, Waickman AT, Wen J, et al. Mtorcl
and mtorc2 selectively regulate cd8* T cell differentiation. J Clin Invest. (2015)
125:2090-108. doi: 10.1172/JCI177746

215. Wang D, Feng X, Lu L, Konkel JE, Zhang H, Chen Z, et al. A c¢d8 T cell/
indoleamine 2,3-dioxygenase axis is required for mesenchymal stem cell suppression of
human systemic lupus erythematosus. Arthritis Rheumatol. (2014) 66:2234-45.
doi: 10.1002/art.38674

216. Kato H, Perl A. Double-edged sword: interleukin-2 promotes T regulatory cell
differentiation but also expands interleukin-13- and interferon-I'-producing cd8(+) T
cells via stat6-gata-3 axis in systemic lupus erythematosus. Front Immunol. (2021)
12:635531. doi: 10.3389/fimmu.2021.635531

217. Boedigheimer MJ, Martin DA, Amoura Z, Sanchez-Guerrero ], Romero-Diaz J,
Kivitz A, et al. Safety, pharmacokinetics and pharmacodynamics of amg 811, an anti-
interferon-I" Monoclonal antibody, in sle subjects without or with lupus nephritis.
Lupus Sci Med. (2017) 4:¢000226. doi: 10.1136/lupus-2017-000226

218. Hasskarl J. Everolimus. Recent Results Cancer Res. (2018) 211:101-23.
doi: 10.1007/978-3-319-91442-8_8

219. Castro-Rojas CM, Godarova A, Shi T, Hummel SA, Shields A, Tremblay S, et al.
Mtor inhibitor therapy diminishes circulating cd8+ Cd28- effector memory T cells and
improves allograft inflammation in belatacept-refractory renal allograft rejection.
Transplantation. (2020) 104:1058-69. doi: 10.1097/tp.0000000000002917

220. Miotto G, Rossetto M, Di Paolo ML, Orian L, Venerando R, Roveri A, et al.
Insight into the mechanism of ferroptosis inhibition by ferrostatin-1. Redox Biol. (2020)
28:101328. doi: 10.1016/j.redox.2019.101328

221. Tang Z, Huo M, Ju Y, Dai X, Ni N, Liu Y, et al. Nanoprotection against retinal
pigment epithelium degeneration via ferroptosis inhibition. Small Methods. (2021) 5:
€2100848. doi: 10.1002/smtd.202100848

222. Wu Y, Ran L, Yang Y, Gao X, Peng M, Liu S, et al. Deferasirox alleviates dss-
induced ulcerative colitis in mice by inhibiting ferroptosis and improving intestinal
microbiota. Life Sci. (2023) 314:121312. doi: 10.1016/j.1fs.2022.121312

223. Ishimaru K, Ikeda M, Miyamoto HD, Furusawa S, Abe K, Watanabe M, et al.
Deferasirox targeting ferroptosis synergistically ameliorates myocardial ischemia
reperfusion injury in conjunction with cyclosporine A. ] Am Heart Assoc. (2024) 13:
€031219. doi: 10.1161/jaha.123.031219

224. Borawski B, Malyszko J. Iron, ferroptosis, and new insights for prevention in
acute kidney injury. Adv Med Sci. (2020) 65:361-70. doi: 10.1016/j.advms.2020.06.004

225. Marks ES, Bonnemaison ML, Brusnahan SK, Zhang W, Fan W, Garrison JC,
et al. Renal iron accumulation occurs in lupus nephritis and iron chelation delays the
onset of albuminuria. Sci Rep. (2017) 7:12821. doi: 10.1038/s41598-017-13029-4

frontiersin.org


https://doi.org/10.1681/ASN.2019090937
https://doi.org/10.1016/j.intimp.2015.09.027
https://doi.org/10.1016/j.semarthrit.2003.11.002
https://doi.org/10.1016/j.semarthrit.2003.11.002
https://doi.org/10.1155/2016/4927530
https://doi.org/10.1155/2016/4927530
https://doi.org/10.1146/annurev.immunol.16.1.495
https://doi.org/10.1146/annurev.immunol.16.1.495
https://doi.org/10.1016/S1097-2765(02)00636-6
https://doi.org/10.1038/ni.2005
https://doi.org/10.1016/S0140-6736(18)30485-9
https://doi.org/10.1152/physrev.00026.2020
https://doi.org/10.3389/fimmu.2022.860586
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.1002/art.40785
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1016/j.cell.2018.10.001
https://doi.org/10.1016/j.intimp.2021.108450
https://doi.org/10.1111/cas.12484
https://doi.org/10.1038/srep38619
https://doi.org/10.1016/0008-8749(91)90336-a
https://doi.org/10.1172/jci73411
https://doi.org/10.1007/s12026-016-8829-3
https://doi.org/10.1016/s0140-6736(18)32167-6
https://doi.org/10.1002/art.41547
https://doi.org/10.1172/jci.insight.138345
https://doi.org/10.1016/j.intimp.2021.107877
https://doi.org/10.3389/fmed.2022.904435
https://doi.org/10.1136/lupus-2022-000717
https://doi.org/10.1080/21655979.2022.2049471
https://doi.org/10.1080/21655979.2022.2049471
https://doi.org/10.1097/BOR.0000000000000815
https://doi.org/10.1097/BOR.0000000000000815
https://doi.org/10.1177/0961203319867130
https://doi.org/10.1016/j.ebiom.2023.104507
https://doi.org/10.1002/art.40773
https://doi.org/10.1126/scitranslmed.abo0686
https://doi.org/10.1126/science.abf1970
https://doi.org/10.1172/JCI77746
https://doi.org/10.1002/art.38674
https://doi.org/10.3389/fimmu.2021.635531
https://doi.org/10.1136/lupus-2017-000226
https://doi.org/10.1007/978-3-319-91442-8_8
https://doi.org/10.1097/tp.0000000000002917
https://doi.org/10.1016/j.redox.2019.101328
https://doi.org/10.1002/smtd.202100848
https://doi.org/10.1016/j.lfs.2022.121312
https://doi.org/10.1161/jaha.123.031219
https://doi.org/10.1016/j.advms.2020.06.004
https://doi.org/10.1038/s41598-017-13029-4
https://doi.org/10.3389/fimmu.2024.1520570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Fan et al.

226. Chen H, Wang C, Liu Z, He X, Tang W, He L, et al. Ferroptosis and its
multifaceted role in cancer: mechanisms and therapeutic approach. Antioxidants (Basel
Switzerland). (2022) 11:1504. doi: 10.3390/antiox11081504

227. Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold 1, et al. Acsl4
dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat Chem Biol.
(2017) 13:91. doi: 10.1038/nchembio.2239

228. Seibt TM, Proneth B, Conrad M. Role of gpx4 in ferroptosis and its
pharmacological implication. Free Radic Biol Med. (2019) 133:144-52. doi: 10.1016/
j.freeradbiomed.2018.09.014

229. Guo J, Chen L, Ma M. Ginsenoside rgl suppresses ferroptosis of renal tubular
epithelial cells in sepsis-induced acute kidney injury via the fspl-coq(10)- nad(P)H
pathway. Curr Med Chem. (2024) 31:2119-32. doi: 10.2174/0929867330666230607125054

230. Scarpellini C, Klejborowska G, Lanthier C, Hassannia B, Vanden Berghe T,
Augustyns K. Beyond ferrostatin-1: A comprehensive review of ferroptosis inhibitors.
Trends Pharmacol Sci. (2023) 44:902-16. doi: 10.1016/j.tips.2023.08.012

231. Rochette L, Dogon G, Rigal E, Zeller M, Cottin Y, Vergely C. Lipid peroxidation
and iron metabolism: two corner stones in the homeostasis control of ferroptosis. Int |
Mol Sci. (2022) 24:449. doi: 10.3390/ijms24010449

232. Li S, Huang Y. Ferroptosis: an iron-dependent cell death form linking
metabolism, diseases, immune cell and targeted therapy. Clin Transl Oncol. (2022)
24:1-12. doi: 10.1007/s12094-021-02669-8

233. Lal A. Iron in health and disease: an update. Indian J Pediatr. (2020) 87:58-65.
doi: 10.1007/s12098-019-03054-8

234. Ni S, Yuan Y, Kuang Y, Li X. Iron metabolism and immune regulation. Front
Immunol. (2022) 13:816282. doi: 10.3389/fimmu.2022.816282

235. Bogdan AR, Miyazawa M, Hashimoto K, Tsuji Y. Regulators of iron
homeostasis: new players in metabolism, cell death, and disease. Trends Biochem Sci.
(2016) 41:274-86. doi: 10.1016/j.tibs.2015.11.012

236. Wang CY, Babitt JL. Liver iron sensing and body iron homeostasis. Blood.
(2019) 133:18-29. doi: 10.1182/blood-2018-06-815894

237. Fang X, Ardehali H, Min J, Wang F. The molecular and metabolic landscape of
iron and ferroptosis in cardiovascular disease. Nat Rev Cardiol. (2023) 20:7-23.
doi: 10.1038/s41569-022-00735-4

238. Liang C, Zhang X, Yang M, Dong X. Recent progress in ferroptosis inducers for
cancer therapy. Adv Mater. (2019) 31:e1904197. doi: 10.1002/adma.201904197

239. Zhao T, Yang Q, Xi Y, Xie Z, Shen J, Li Z, et al. Ferroptosis in rheumatoid arthritis:
A potential therapeutic strategy. Front Immunol. (2022) 13:779585. doi: 10.3389/
fimmu.2022.779585

Frontiers in Immunology

19

10.3389/fimmu.2024.1520570

240. Zhao H, Tang C, Wang M, Zhao H, Zhu Y. Ferroptosis as an emerging target in
rheumatoid arthritis. Front Immunol. (2023) 14:1260839. doi: 10.3389/
fimmu.2023.1260839

241. Zhao H, Dong Q, Hua H, Wu H, Ao L. Contemporary insights and prospects
on ferroptosis in rheumatoid arthritis management. Front Immunol. (2024)
15:1455607. doi: 10.3389/fimmu.2024.1455607

242. Buchanan J, da Costa NM, Cheadle L. Emerging roles of oligodendrocyte
precursor cells in neural circuit development and remodeling. Trends Neurosci. (2023)
46:628-39. doi: 10.1016/j.tins.2023.05.007

243. Fan BY, Pang YL, Li WX, Zhao CX, Zhang Y, Wang X, et al. Liproxstatin-1 is an
effective inhibitor of oligodendrocyte ferroptosis induced by inhibition of glutathione
peroxidase 4. Neural Regener Res. (2021) 16:561-6. doi: 10.4103/1673-5374.293157

244. Tunger Caglayan S, Elibol B, Severcan F, Basar Gursoy E, Tiftikcioglu BI,
Gungordu Dalar Z, et al. Insights from cd71 presentation and serum lipid peroxidation
in myasthenia gravis - a small cohort study. Int Immunopharmacol. (2024) 140:112787.
doi: 10.1016/j.intimp.2024.112787

245. Cheng Q, Mou L, Su W, Chen X, Zhang T, Xie Y, et al. Ferroptosis of cd163(+)
tissue-infiltrating macrophages and c¢d10(+) pc(+) epithelial cells in lupus nephritis.
Front Immunol. (2023) 14:1171318. doi: 10.3389/fimmu.2023.1171318

246. Chalmers SA, Ayilam Ramachandran R, Garcia SJ, Der E, Herlitz L, Ampudia J,
et al. The cd6/alcam pathway promotes lupus nephritis via T cell-mediated responses.
Clin Invest. (2022) 132:¢147334. doi: 10.1172/jci147334

247. Dunlap GS, Billi AC, Xing X, Ma F, Maz MP, Tsoi LC, et al. Single-cell
transcriptomics reveals distinct effector profiles of infiltrating T cells in lupus skin and
kidney. JCI Insight. (2022) 7:¢156341. doi: 10.1172/jci.insight.156341

248. Yang B, Hou S, Huang S, Li H, Li Y. Ferroptosis inhibitor regulates the disease
progression of systematic lupus erythematosus mice model through th1/th2 ratio. Curr
Mol Med. (2023) 23:799-807. doi: 10.2174/1566524022666220525144630

249. Demirtzoglou G, Chrysoglou SI, Takovidou-Kritsi Z, Lambropoulos A,
Garyfallos A. Haloperidol's cytogenetic effect on T lymphocytes of systemic lupus
erythematosus and rheumatoid arthritis patients: an in vitro study. Cureus. (2023) 15:
€42283. doi: 10.7759/cureus.42283

250. Lei G, Zhuang L, Gan B. Mtorcl and ferroptosis: regulatory mechanisms and
therapeutic potential. Bioessays. (2021) 43:¢2100093. doi: 10.1002/bies.202100093

251. Huang J, Yan Z, Song Y, Chen T. Nanodrug delivery systems for myasthenia
gravis: advances and perspectives. Pharmaceutics. (2024) 16:651. doi: 10.3390/
pharmaceutics16050651

frontiersin.org


https://doi.org/10.3390/antiox11081504
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1016/j.freeradbiomed.2018.09.014
https://doi.org/10.1016/j.freeradbiomed.2018.09.014
https://doi.org/10.2174/0929867330666230607125054
https://doi.org/10.1016/j.tips.2023.08.012
https://doi.org/10.3390/ijms24010449
https://doi.org/10.1007/s12094-021-02669-8
https://doi.org/10.1007/s12098-019-03054-8
https://doi.org/10.3389/fimmu.2022.816282
https://doi.org/10.1016/j.tibs.2015.11.012
https://doi.org/10.1182/blood-2018-06-815894
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1002/adma.201904197
https://doi.org/10.3389/fimmu.2022.779585
https://doi.org/10.3389/fimmu.2022.779585
https://doi.org/10.3389/fimmu.2023.1260839
https://doi.org/10.3389/fimmu.2023.1260839
https://doi.org/10.3389/fimmu.2024.1455607
https://doi.org/10.1016/j.tins.2023.05.007
https://doi.org/10.4103/1673-5374.293157
https://doi.org/10.1016/j.intimp.2024.112787
https://doi.org/10.3389/fimmu.2023.1171318
https://doi.org/10.1172/jci147334
https://doi.org/10.1172/jci.insight.156341
https://doi.org/10.2174/1566524022666220525144630
https://doi.org/10.7759/cureus.42283
https://doi.org/10.1002/bies.202100093
https://doi.org/10.3390/pharmaceutics16050651
https://doi.org/10.3390/pharmaceutics16050651
https://doi.org/10.3389/fimmu.2024.1520570
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immune imbalance in Lupus Nephritis: The intersection of T-Cell and ferroptosis
	1 Introduction
	2 The mechanism of Ferroptosis
	2.1 Accumulation of cellular iron
	2.2 ROS accumulation
	2.3 The occurrence of lipid peroxidation
	2.4 Antioxidant mechanisms
	2.4.1 The xCT- GPX4 antioxidant system
	2.4.2 The non xCT- GPX4 antioxidant systems
	2.4.3 Other antioxidant systems

	2.5 Mammalian target of rapamycin
	2.6 NAD(P)H

	3 The role of T-cell ferroptosis in immune regulation
	3.1 T-cell ferroptosis and immune regulation in cancer
	3.2 T-cell ferroptosis and immune regulation in other diseases

	4 Ferroptosis and T-cell immune imbalance in LN
	4.1 TFH cell
	4.2 Treg cell
	4.3 CD4+ Teff cell
	4.4 CD8+ T cell

	5 Targeted ferroptosis in the treatment of LN
	5.1 Feasibility of targeting ferroptosis in LN patients
	5.2 Potential side effects and safety considerations
	5.3 Current state of therapeutic development

	6 Conclusions
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


