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Acumulation of oxidized membrane lipids ultimately results in ferroptotic cell death,
which can be prevented by the selenoenzyme glutathione peroxidase 4 (Gpx4). In vivo
conditions promoting ferroptosis and susceptible cell types are still poorly defined. In this
study, we analyzed the conditional deletion of Gpx4 in mice specifically in the myeloid
cell lineages. Surprisingly, development and maintenance of LysM+ macrophages and
neutrophils, as well as CD11c+ monocyte-derived macrophages and dendritic cells were
unaffected in the absence of Gpx4. Gpx4-deficient macrophages mounted an unaltered
proinflammatory cytokine response including IL-1β production following stimulationwith
TLR ligands and activation of several inflammasomes. Accordingly, Gpx4fl/flLysM-cre mice
were protected from bacterial and protozoan infections. Despite having the capacity to
differentiate to alternatively activated macrophages (AAM), these cells lacking Gpx4 trig-
gered ferroptosis both in vitro and in vivo following IL-4 overexpression and nematode
infection. Exposure to nitric oxide restored viability of Gpx4-deficient AAM, while inhibi-
tion of iNOS in proinflammatory macrophages had no effect. These data together suggest
that activation cues of tissue macrophages determine sensitivity to lipid peroxidation and
ferroptotic cell death.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Myeloid cells play a major role in tissue homeostasis, inflam-
mation, and pathogen clearance [1]. Macrophages are among
the cells that are recruited rapidly to the site of infection to
provide an early defense against external invasion [2]. Tissue-
resident macrophages act as sentinels to maintain tissue home-
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ostasis by clearing senescent cells, contributing to tissue remodel-
ing and to repair after inflammation or injury [3]. Macrophages
are remarkably plastic and are capable of swift differentiation in
response to environmental stimuli. Activation of TLRs, in combi-
nation with Th1 cytokines, such as IFN-γ, induces a proinflam-
matory macrophage phenotype [4]. These macrophages elimi-
nate pathogens by phagocytosis, produce nitric oxide (NO) by
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expression of iNOS, and release proinflammatory cytokines. Th2
cytokines, IL-4 and IL-13, stimulate generation of alternatively
activated macrophage (AAM, also called M2) differentiation in
response to parasitic infection or during the resolution phase of
an inflammation, to promote tissue repair and homeostasis [3].

Oxidative burst is a vital effector mechanism deployed by
myeloid cells for host defense. This process involves assembly
of NADPH oxidase complex on phagosomal membranes, which
readily catalyzes the reduction of molecular oxygen to super-
oxide, thereby generating ROS [5]. ROS at moderate concen-
trations act as signaling molecules that modulate proliferation,
differentiation, and survival [6, 7]. However, at high concentra-
tions, they are implicated in the pathogenesis of complex diseases,
including progression of diabetes, neurodegenerative disease, and
cancer [8–10]. Therefore, an intricate network of antioxidant
defense systems helps neutralizing excessive ROS [11]. Antiox-
idant glutathione peroxidase 4 (Gpx4) is a unique intracellular
lipid peroxidation-detoxifying enzyme that is vital for survival,
as homozygous Gpx4-deficient mice die at the embryonic stage
[12, 13]. Inactivation of Gpx4 detrimentally impacts homeosta-
sis and pathophysiology, and is implicated in the progression
of various programmed cell death pathways including apoptosis
[14], necroptosis [15], ferroptosis [16–18], and pyroptosis [19].
Previously, we reported that T cells, B1 and marginal zone B
cells require Gpx4 for homeostatic integrity and protection from
infection, and undergo lipid peroxidation-induced ferroptotic cell
death in its absence [17, 18, 20]. Inactivation of Gpx4 is the main
etiology of ferroptosis, which is triggered by the accumulation
of iron-dependent lipid peroxidation [16]. Inhibition of the cys-
tine/glutamate antiporter system Xc

– (Slc7a11 or xCT) has been
additionally proposed to induce ferroptosis as it depletes intra-
cellular cysteine for glutathione synthesis [21]. While the precise
mechanism of how lipid peroxidation triggers ferroptosis is not
known, the requirement for acyl-CoA synthetase long-chain fam-
ily member 4 (ACSL4) provided an insight into the possibility that
anabolic metabolism of acyl-CoA for phospholipid and triacylglyc-
erol synthesis may be the cause of this destructive lipid peroxida-
tion [22].

In this study, we analyzed the conditional deletion of Gpx4 in
mice specifically in the myeloid cell lineage. Here, we report that
Gpx4 is dispensable for generation and homeostasis of all mature
myeloid populations including tissue-resident macrophages in the
spleen, BM, peritoneum, and lung. Gpx4-deficient macrophages
are capable of proinflammatory function and efficient control of
intracellular bacterial and protozoan infections. However, IL-4-
driven infection or IL-4 overexpression resulted in ferroptosis-
mediated cell death of AAM. Our data reveal the unique antioxi-
dant control of Gpx4 in macrophage biology.

Results

Gpx4 is required to sustain cell survival in AAM

To examine the survival and function of macrophages lacking
Gpx4 in vitro, we used Gpx4fl/flCreERT2 mice, in which Cre is ubiq-

uitously expressed under the control of the Rosa26 locus upon
tamoxifen injection, and generated BM-derived macrophages
(BMDMs) [17]. Resting macrophages (M0) were polarized to
inflammatory macrophages or AAM with LPS/IFN-γ or IL-4,
respectively. Gpx4 expression was abrogated in Gpx4fl/flCreERT2

BMDMs treated with tamoxifen in vitro, indicating robust dele-
tion of Gpx4 gene using the inducible system (Fig. 1A). Mea-
suring the viability of in vitro activated BMDMs, we found that
the number of live cells decreased after 24 h in M0 and IL-4-
stimulated Gpx4fl/flCreERT2 BMDMs (Fig. 1B and C). In support
of this finding, the absence of Gpx4 resulted in increased frequen-
cies of dead cells, quantified by eFluor780 viability dye, in M0 and
IL-4, but not in LPS/IFN-γ polarized BMDMs (Fig. 1D). Similar
results were obtained comparing BMDM from Gpx4fl/flLysMcre and
littermate controls (Supporting information Fig. S1A-C). Further-
more, ferroptosis induction was independent of the presence of
M-CSF during stimulation (data not shown). Expression of iNOS,
the prototype marker of inflammatory macrophages, and NO pro-
duction following simulation with TLR ligands together with IFN-
γ were unaltered in Gpx4-deficient BMDM (Fig. 1E, Support-
ing information Fig. S1D). Surface protein levels of RELMα and
CD301 (Fig. 1E) and expression of Arg1, Ym1, and Fizz1 genes,
which are hallmarks of AAM, were similarly upregulated upon IL-
4 stimulation (Fig. 1F, Supporting information Fig. S1E). More-
over, DNA replication, as evaluated by 5-ethynyl-2’–deoxyuridine
(EdU) incorporation in IL-4 stimulated cells, was comparable to
controls (Supporting information Fig. S1F). To further investi-
gate the function of in vitro activated macrophages, we measured
proinflammatory cytokine production by BMDMs upon stimula-
tion with TLR ligands, including LPS (TLR4), unmethylated CpG
containing DNA (CpG; TLR9), imiquimod (R837; TLR7), and
yeast-derived zymosan (TLR2), and found an unaltered capacity
to produce proinflammatory cytokines IL-6, IL-12, and TNF-α in
the absence of Gpx4 (Fig 1G, Supporting information Fig. S1G).
We also detected a comparable secretion of IL-1β upon NLRP3-,
AIM2-, and NLRC4-mediated inflammasome activation in Gpx4-
deficient and control BMDMs (Fig 1H, Supporting information
Fig. S1H and I). Gpx4 is, therefore, crucial for the survival of M0
and AAM but is dispensable for proinflammatory macrophage sur-
vival, activation, and function.

Inflammatory macrophages are resistant to lipid
peroxidation-driven ferroptosis in absence of Gpx4

As in vitro-activated Gpx4-deficient M0 and AAM displayed high
mortality, we speculated that ROS accumulation, and thereby
ferroptosis, might be induced in these cells. We tested this in
Gpx4fl/flCreERT2 BMDMs that exhibited low viability after 24 h
under M0 and IL-4 conditions (Fig. 1C), and assessed the via-
bility in the presence of ferroptosis inhibitor ferrostatin-1 (Fer-1).
While Fer-1 had no effect on LPS/IFN-γ-treated BMDMs, M0 and
IL-4-stimulated Gpx4fl/flCreERT2 cells maintained similar numbers
compared to controls and correspondingly displayed low percent-
ages of dead cells in the presence of Fer-1 (Fig. 2A and B). We next
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Figure 1. Gpx4-deficient BMDMs have a survival defect when differentiated to AAM. (A-F) BMDMs were unstimulated (M0) or stimulated with
LPS (20 ng/mL) plus IFN-γ (50 ng/mL) or IL-4 (20 ng/mL) for up to 48 h. (A) Real-time RT-PCR analysis for Gpx4 expression relative to TATA-box
binding protein (TBP), a housekeeping gene. (B) Representative flow cytometry plots of forward scatter (FSC) versus side scatter (SSC) after 48 h.
(C) Quantification of absolute cell numbers at day 1 and 2 poststimulation. (D) Percentage of dead cells (eFluor780+) after 48 h measured by flow
cytometry. (E) Representative expression of iNOS, RELMα, and CD301 in M0 or after 48 h with LPS/IFN-γ or IL-4 assessed by flow cytometry. Numbers
indicate MFI (iNOS and CD301) or frequency of positive cells (RELMα). (F) Real-time RT-PCR analysis for Fizz1, and Ym1 expressions relative to TBP
after 24 h. (G) BMDMs were stimulated with LPS (100 ng/mL), CpG (100 nM), R837 (5 μg/mL), or Zymosan (Zym; 20 μg/mL) overnight. Cytokines from
cultural supernatant were measured by ELISA. (H) BMDMs were stimulated as (G) with additional ATP (2 mM) for 2 h prior to cultural supernatant
harvest. IL-1β was detected by ELISA. Error bars indicate mean ±SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (two-tailed Student’s t-test). Data
are representative of at least three independent experiments with three samples per experiment.
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Figure 2. IL-4 stimulation triggers ferroptosis in Gpx4-deficient macrophages. BMDMs were unstimulated (M0) or stimulated with LPS (20 ng/mL)
plus IFN-γ (50 ng/mL) or IL-4 (20 ng/mL) in the presence of ferroptosis inhibitor (Fer-1; 10 μM) (A-D), iNOS inhibitor (1400 W; 10 or 30 μM), or NO
donor DPTA-NONOate (30 or 100 μM) (E-G). (A) Total number of viable cells after 24 h. (B) Percentage of dead cells stained with eFluor780 after 24
h. (C-D) Percentage (C) or geometric mean fluorescence intensity (gMFI) (D) of C11-Bodipy581/591, H2DCF-DA, or MitoSOX. (E) Quantification of viable
cells after 24 h. (F) Percentage of dead cells stained with eFluor780 after 24 h. (G) Percentage of C11-Bodipy581/591+ after 6 h. All data were obtained
by flow cytometry. Error bars indicate mean ±SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 (two-tailed Student’s t-test). Data are representative
of two independent experiments with two to three samples per experiment.

analyzed ROS accumulation after 6 h of stimulation, a time point
at which viability was unaffected (data not shown). In unstimu-
lated and IL-4-stimulated Gpx4fl/flCreERT2 cells, both lipid and cel-
lular ROS levels were elevated as measured by C11-BODIPY581/591

and H2DCF-DA, respectively, and were suppressed to levels equiv-

alent to controls in the presence of Fer-1 (Fig. 2C and D, Sup-
porting information Fig. S2A). Mitochondrial ROS detected by
MitoSOX was unaltered by the absence of Gpx4 or in the presence
of Fer-1 (Fig. 2C and D, Supporting information Fig. S2A). Consis-
tent with the lack of effects on viability in LPS/IFN-γ-stimulated
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Gpx4fl/flCreERT2 cells, ferroptosis was not detected under this con-
dition. To check for the accumulation of dysfunctional mitochon-
dria showing a loss of mitochondrial membrane potential, we
costained with Mitotracker Green for total mitochondrial mass
and Mitotracker Deep Red for mitochondrial membrane potential.
We observed no difference in dysfunctional mitochondria (Mito-
tracker Green+, Mitotracker Deep Red–/low) (Supporting informa-
tion Fig. S2B). Together, these data suggest that Gpx4-deficiency
results in ferroptosis in M0 and AAM but not in inflammatory
macrophages.

To further prove that death in AAM occurs by ferroptosis,
we tested the efficiency of various ROS scavengers to prevent
death upon polarization with IL-4. In addition to Fer-1, only
iron chelator deferoxamine and Vitamin E (α-tocopherol) could
efficiently reduce IL-4-induced mortality, while other ROS scav-
engers, such as N-acetylcysteine, Vitamin C (ascorbic acid, AA),
or diphenyleneiodonium were unable to prevent cell death (Sup-
porting information Fig. S2C). These results confirm that in vitro
death of polarized macrophages occurs by ferroptosis. Addition-
ally, we measured mRNA of other genes that are associated
with ferroptosis such as prostaglandin-endoperoxide synthase 2
(Ptgs2) and Slc7a11. Ptgs2, also known as COX-2, has been shown
to be upregulated in cancer cells upon treatment with ferrop-
tosis inducers [16]. In addition, Ptgs2 is known to be induced
upon macrophage stimulation with LPS/IFN-γ [23]. We found
that Ptgs2 expression was potently and selectively upregulated in
LPS/IFN-γ−stimulated BMDM, consistent with a previous report
[23], irrespective of Gpx4 expression (Supporting information
Fig. S2D). Inhibition of Slc7a11 is a well-known driver of fer-
roptosis in cancer cells [21]. Similar to Ptgs2, Slc7a11 expres-
sion was induced upon LPS/IFN-γ but not on IL-4 stimulation
in control BMDMs. Notably, absence of Gpx4 induced a signif-
icant increase in Slc7a11 levels in M0 and AAM. TLR engage-
ment and proinflammatory cytokines induce the expression of
iNOS in macrophages, which is important for the production of
NO and consequently, reactive nitrogen species [24]. LPS/IFN-
γ stimulation of Gpx4-deficient macrophages upregulates iNOS
expression (Fig. 1E, Supporting information Fig. S1D) without
the induction of ferroptosis. To explore this protective mechanism
against ferroptosis in Gpx4-deficient inflammatory macrophages,
we inhibited iNOS using 1400 W in inflammatory macrophages,
and conversely added NO donating compound dipropylenetri-
amine NONOate (DPTA-NONOate) to M0 and AAM. Varying con-
centrations of 1400 W in inflammatory macrophages had no effect
on viability of LPS/IFN-γ-stimulated BMDM. However, DPTA-
NONOate restored survival in Gpx4-deficient M0 and AAM to
levels equivalent to that of controls (Fig. 2E and F). This sus-
tained viability in Gpx4fl/fl/CreERT2 AAM also correlated with
decreased lipid peroxidation, a hallmark of ferroptosis (Fig. 2G
and Supporting information Fig. S2E). As expected, iNOS inhibi-
tion had a minimal effect on lipid peroxidation levels in Gpx4-
deficient inflammatory macrophages. These results suggest that
while NO confers protection from ferroptosis in AAM, iNOS is not
essential to prevent ferroptosis in Gpx4-deficient inflammatory
macrophages.

Gpx4 is dispensable for maintenance of
tissue-resident macrophages at steady-state in vivo

Mice lacking Gpx4 in all T-cell and B-cell lineages showed a loss of
double-negative thymocytes, peripheral activated T cells, as well
as innate-like B1 and marginal zone B cells due to ferroptosis [17,
18]. To address the role of Gpx4 in development and function of
myeloid cells in vivo, we crossed Gpx4fl/fl mice with both CD11c-
cre and LysM-cre mice. The resulting Gpx4fl/flLysMcreCD11ccre

mice lack Gpx4 across several myeloid subsets, including con-
ventional DCs, monocyte-derived DCs, macrophages, and neu-
trophils. Strikingly reduced expression of Gpx4 mRNA was found
in lung myeloid populations, indicating an efficient deletion
(Fig. 3A). FACS analyses of lung, peritoneal lavage (PEL), spleen,
and BM showed no difference in CD45+ cellularity (Fig. 3B).
Accordingly, total number of alveolar macrophages (AM), large
peritoneal macrophages (LPM), splenic and BM macrophages
were comparable in Gpx4fl/flLysMcreCD11ccre mice compared to
littermate controls (Fig. 3C–E, gating strategies in Supporting
information Fig. S3A-C). Number of splenic DCs also remained
unaffected in the absence of Gpx4. Although neutrophils in the
BM were slightly increased in numbers (Fig. 3F; gating strat-
egy in Supporting information Fig. S3D), frequencies remained
intact (Fig. 3G and H; gating strategy in Supporting information
Fig. S3E).

We validated the specificity of the LysM-Cre activity for tar-
geting macrophages, monocytes, and neutrophils by assessing the
expression of red fluorescence protein (RFP) in various tissues of
LysM-Cre mice crossed to Rosa26-RFP mice (Supporting informa-
tion Fig. S4A and B). The proportion of RFP+ in tissue-resident
macrophages, such as LPM in the peritoneal cavity, AM in the
lung, and fat macrophages, was over 70%, while both mono-
cytes and neutrophils revealed poor expression in the peritoneal
cavity, lung, and liver. Furthermore, Gpx4 deletion in peritoneal
macrophages from naïve, Listeria monocytogenes-infected, or IL-
4 hydrodynamic injected Gpx4fl/flLysMcre mice was verified both
at RNA (Supporting information Fig. S4C) and at protein levels
in peritoneal macrophages and AMs (Supporting information Fig.
S4D-F). Protein depletion was confirmed also in Gpx4fl/flCreERT2

mice after tamoxifen injection (Supporting information Fig. S4F-
H). Thus, in contrast to M0 BMDM, these results suggest that
Gpx4 is dispensable for differentiation, homeostasis, and survival
of steady-state resident macrophages in lung, peritoneum, and
spleen.

Gpx4 supports in vivo expansion and survival of AAM

We next explored the consequences of in vivo macrophage acti-
vation following conditional deletion of Gpx4 in myeloid cells.
Hydrodynamics-mediated gene delivery provides an efficient
model to overexpress cytokines in vivo [25]. We used this tech-
nique to overexpress IL-4 in Gpx4fl/flLysMcre mice. Four days
postinjection, we analyzed cells from the peritoneal cavity (gat-
ing strategy Supporting information Fig. S5A). To prove the
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Figure 3. Intact homeostasis of mature myeloid populations in the absence of Gpx4. Naïve Gpx4fl/flCD11ccreLysMcre and Gpx4fl/fl mice at 15 weeks
of age. (A) Relative expression of Gpx4 in FACS sorted dendritic cells (DCs), monocytes, and alveolar macrophages (AMs) from the lung by RT-PCR.
Data were normalized to TATA-Box Binding Protein. (B) Total number of CD45+ cells from the bone marrow (BM), lung, peritoneal lavage (PEL),
and spleen by flow cytometry. (C-F) Total cell number of indicated populations in the spleen (C), lung (D), peritoneal cavity (E), and BM (F) by flow
cytometry. (G-H) Flow cytometry quantification of immune cell subsets in BM. Error bars indicate mean ±SD. *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 (two-tailed Student’s t-test in [A] and two-way ANOVA in [B-G]). Data are representative of two independent experiments with two
(lungs) or four (BM, PEL, and spleen) biological samples per experiment.

efficiency of IL-4 plasmid, we first measured macrophage expan-
sion and polarization in WT mice (Supporting information Fig.
S5B). Compared to empty vector controls, mice injected with
IL-4 reported a massive expansion of LPM and upregulation of

AAM markers, RELMα, and CD301. IL-4-driven expansion of LPM
was reduced in Gpx4fl/flLysMcre mice (Supporting information
Fig. 4A and B). Expression of AAM marker RELMα was compara-
ble to littermate controls (Supporting information Fig. 4C and D).
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Figure 4. In vivo survival of Gpx4-deficient AAMs is impaired. (A-D) AAM differentiation was induced in Gpx4fl/fl and Gpx4fl/flLysMCre mice by i.v.
hydrodynamic injection of IL-4 plasmid and analyzed 4 days later. (A-B) Flow cytometry quantification of large peritoneal macrophages (LPM). (B)
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Similarly, CD301 (Supporting information Fig. S5C) and PD-L2
(Supporting information Fig. S5D) were unchanged. These results
suggest that Gpx4 supports proliferation and/or survival but is not
essential for differentiation to AAM.

Next, we sought to evaluate the function of Gpx4 in type 2-
dependent immunity. We deleted Gpx4 in mice using intraperi-
toneal tamoxifen injection, infected the mice with Nippostrongylus
brasiliensis larvae, and analyzed macrophages in the peritoneal
cavity after 5 and 9 days. While small peritoneal macrophages
(SPM) and LPM were present in comparable numbers at day 5,
when the larvae arrive in the intestines, both populations were
reduced in numbers in Gpx4fl/flCreERT2 mice (Fig. 4E) at day 9,
highlighting a role of Gpx4 for survival of macrophages during
type 2 immunity.

To investigate the function of inflammatory macrophages
in vivo, we used Th1-type infection models to study the host
resistance to pathogens in Gpx4 KO mice. First, we chal-
lenged Gpx4fl/flLysMcre with Gram-positive L. monocytogenes.
Gpx4fl/flLysMcre revealed comparable bacterial load to litter-
mate control mice in the spleen and liver 2 days postinfec-
tion (Fig. 5A). Myeloid subpopulations of macrophage, mono-
cyte, and neutrophils numbers were equivalent to controls in
the peritoneal cavity of naïve and infected mice (Fig. 5B; gat-
ing strategy Supporting information Fig. S5E). We next infected
mice with Leishmania major parasites in footpads and monitored
the swelling weekly as a proxy for the progression of infection.
Gpx4fl/flLysMcre and control mice showed similar footpad swelling
curves (Fig. 5C), peaking around 3-4 weeks postinfection. Para-
site burden in draining lymph node (dLN), spleen, and footpad

was comparable to controls at 8 weeks postinfection (Fig. 5D).
Total number of immune cells and their proportional subsets in
dLN displayed no significant abnormalities (Fig. 5E). In addi-
tion, we infused zymosan into the peritoneum to induce peri-
tonitis and analyzed the peritoneal macrophages. We found an
overall increase in CD45+ cells, as well as an increase in SPM,
but not in LPM, in Gpx4fl/flCreERT2 (Fig. 5F, Supporting informa-
tion Fig. S5F). Moreover, there was a significantly higher percent-
age of CD86 and CD206 in LPM of Gpx4fl/flCreERT2 mice, while
SPM displayed no difference (Fig. 5G). Taken together, consis-
tent with BMDM results in vitro, these data indicate that Gpx4 is
dispensable for generation of proinflammatory macrophages and
myeloid cells allowing protection from intracellular infections, but
has a significant role on sustaining the survival of AAM in type 2
responses.

Discussion

Redox regulation is essential to tightly control the balance
between ROS production and antioxidant protection. Although
excessive ROS induce adverse mutagenesis and cell death, they
can act as secondary messengers at low levels to alter cell
function by protein oxidation [6, 7]. Moderate concentrations
of mitochondrial ROS are crucial for microbial defense [26],
and determine the inflammatory phenotype of macrophages
[27]. Macrophage activation by TLR engagement stimulates a
ROS-induced signal transduction cascade that triggers inflam-
matory mediators such as NF-κB activation, HIF-1α stabiliza-
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tion, and inflammatory cytokine production [28–30]. Therefore,
ROS are not only crucial effector molecules for inflammatory
macrophages, but also play a vital role in activation and differenti-
ation. Here, we analyze the defense mechanism against lipid per-
oxidation in myeloid cells and demonstrate that the antioxidant
enzyme Gpx4 has a distinct regulatory function within myeloid
subpopulations.

This study adds to a growing body of evidence showing that
antioxidant defense by Gpx4 is critically required to prevent fer-
roptosis. We also show that Gpx4 requirement in vivo is not uni-
form among macrophage subsets but rather restricted to AAM.
Although M0 macrophages lacking Gpx4 were also suscepti-
ble to ferroptosis in vitro, the development and homeostasis of
Gpx4-deficient tissue-resident macrophages in lung, peritoneum,
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spleen, and BM, which may be considered as M0 status, was
unaffected in vivo. It is noteworthy, however, that the subsequent
decrease in number of AAM upon Gpx4 deletion may be prompted
by reduced proliferation or expansion. Strikingly, inflammatory
macrophages that produce ROS for oxidative burst remained
largely unaffected by the absence of Gpx4 in vitro and in several
infectious disease models associated with potent proinflammatory
macrophage responses. Despite acquiring cellular ROS as a conse-
quence of inflammatory stimuli, we found no difference in activa-
tion, function, or survival of inflammatory macrophages in micro-
bial infections, indicating that other antioxidant mechanisms con-
tribute to avert ROS accumulation in these cell types. These find-
ings are consistent with the observation that Gpx4fl/flLysMcre mice
have a comparable tumor burden and sustain survival despite
higher ROS levels [31]. Recent study suggested that iNOS expres-
sion in inflammatory macrophages negatively regulates the onset
of ferroptosis [32]. Although we found that NO supplementation
protected AAM lacking Gpx4 from ferroptosis, we were unable
to induce ferroptosis in inflammatory macrophages through iNOS
inhibition. This result argues against the previously reported inter-
pretation, suggesting other protective mechanisms for inflamma-
tory macrophages. We hypothesize that metabolic reprogramming
may play an important role in promoting ferroptosis and thereby
dictating the requirement for Gpx4. Cell activation is associated
with dynamic metabolic changes and mitochondria play a cen-
tral role in the regulation of cellular energy. Mitochondrial TCA
cycle is used for ATP synthesis in quiescent and AAM. Inflamma-
tory macrophages switch to aerobic glycolysis and mitochondria
are repurposed for ROS production [27, 33]. Furthermore, pro-
duction of NO via upregulation of iNOS expression inhibits mito-
chondrial respiration by nitrosylating iron-sulfur proteins within
complex I of the electron transport chain [34], thereby inhibiting
mitochondrial metabolism and supporting glycolysis. Glutamine
metabolism is another important fuel source that supports the
TCA cycle, particularly in AAM [35]. Glutaminolysis and elec-
tron transport chain have been implicated as a source of fer-
roptosis, although ferroptosis has been linked to absence of glu-
tamine in Gpx4-deficient cell lines [36]. We tested the viabil-
ity of LPS and LPS-/IFN-γ-treated Gpx4-deficient macrophages
with glutaminolysis inhibitor BPTES but found no link to fer-
roptosis induction (data not shown). Further work is neces-
sary to assess the contribution of mitochondrial respiration and
ferroptosis.

Activation of the inflammasome pathway is one of the protec-
tive mechanisms in innate immunity and is characterized by pro-
teolytic maturation of proinflammatory cytokine IL-1β and induc-
tion of pyroptosis [37, 38]. Gpx4 has been implicated as a neg-
ative regulator of pyroptosis as Gpx4 deletion in myeloid cells
increased production of IL-1β and susceptibility to gasdermin-D-
mediated septic lethality [19]. Contrary to this finding, we did
not observe any differences in IL-1β secretion through canon-
ical NLRP3, as well as AIM2 and NLRC4 inflammasome path-
ways. Although caspase-11 initiates the noncanonical inflamma-
some pathway, maturation of IL-1β is dependent on caspase-1 in
both canonical and noncanonical pathways [39]. Therefore, this

discrepancy in IL-1β secretion by Gpx4-deficient macrophages will
need to be addressed in future studies.

Collectively, our findings suggest that IL-4-driven macrophage
activation critically affects the cellular redox balance and Gpx4
assumes an integral role in lipid ROS scavenging. Loss of Gpx4
activity in IL-4-driven macrophage differentiation leads to fer-
roptotic cell death, but not in inflammatory macrophages, which
were able to sustain cell survival and function. This demonstrates
that antioxidant defense regulation in macrophages is not uniform
but rather is controlled differentially among myeloid subsets in
homeostasis and activation. Rational targeting of this gene, there-
fore, holds therapeutic potentials to combat genetic disorders and
pathologies driven by lipid peroxidation.

Materials and methods

Mice

Gpx4fl/flLysMcre, Gpx4fl/flCD11ccre, and Gpx4fl/flCreERT2 mice were
generated by crossing Gpx4fl/fl mice [14] to LysM-Cre (JAX
004781) [40], CD11c-Cre (JAX stock 008068) [41], or Ert2-Cre
[42] mice, respectively. C57BL/6 mice were originally from the
Jackson Laboratory (Bar Harbor, Maine, USA). LysM-cre mice
were crossed to Rosa26-RFP mice [43]. All mice were crossed
for at least 10 generations to C57BL/6. Experiments were per-
formed with age and sex matched animals. Experimental mice
ages ranged from 6-15 weeks. All animal experiments were per-
formed according to the institutional guidelines and Swiss federal
regulations and were approved by the animal ethics committee
of Kantonales Veterinärsamt, Zürich, Switzerland (permission no.
ZH161/15, ZH134/18, ZH054/18).

In vivo tamoxifen administration

For each mouse, 2 mg of tamoxifen (Sigma) was dissolved in 40
μL of ethanol (Sigma) and subsequently mixed with 40 μL cre-
mofor (Sigma). A total of 320 μL of PBS was added on top and
400 μL was injected i.p. in mice. At least two injections were per-
formed on nonconsecutive days. Injections were performed 5 and
2 days before the analysis or before starting the treatment. For N.
brasiliensis, mice were injected with one shot of tamoxifen the day
before infection and later given tamoxifen by oral gavage every
other day (from +d1). For this regime, tamoxifen was dissolved
in corn oil (Sigma) to a concentration of 20 mg/mL. Injected vol-
ume was adjusted to give 0.2 mg/g of body weight.

Isolation of single cells from organs

Mice were sacrificed by CO2 asphyxiation or injection of overdose
(400 mg/kg of body weight) sodium pentobarbital (i.p. or i.v.).
PEL was collected with 5 mM EDTA in DPBS (Thermo Fisher).
AMs were isolated by washing the lungs three times with 0.4
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mL of ice-cold PBS containing 2 mM EDTA through an intratra-
cheal cannula. All organs except the lung were removed prior to
heart perfusion with DPBS. Lungs were digested for 45 min at
37°C in IMDM (Thermo Fisher) with 2 mg/mL of type IV colla-
genase (Worthington) and 0.02 mg/mL of type I DNase (Sigma).
BM cells were flushed from tibias and femurs and passed through
a 70-μm strainer (Corning). All other organs were directly passed
through 70-μm strainer. Red blood cell lysis was performed with
ACK buffer (0.15 M NH4Cl, 1 mM KHCO3, and 0.1 mM EDTA) on
spleen and BM cells.

Preparation and activation of BMDM

BM cells were isolated from the femur and tibia of mice and
dissociated into single-cell suspension by filtration through 70-
μm strainer. Red blood cells were lysed with ACK lysis buffer
and BM cells were cultured in vitro in the presence of recom-
binant mouse M-CSF (20 ng/mL; Peprotech) in complete RPMI-
1640 medium (containing 10 mM glucose, 2 mM L-glutamine, 100
U/mL of penicillin-streptomycin and 10% heat-inactivated FBS
[Sigma Aldrich]) for 7 days. M-CSF was replenished on day 3 and
5. In vitro Gpx4 deletion in Gpx4fl/flCreERT2 mice was performed
by supplying 5 μM tamoxifen on day 3 and 5. At day 7, viable
cells were counted with trypan blue staining, and were plated
at 100 000 cells/well. Activation was carried out in the absence
of M-CSF. Cells were stimulated with LPS (20 or 100 ng/mL),
CpG (80 or 100 nM), R837 (5 μg/mL), Zymosan (20 μg/mL),
IL-4 (20 ng/mL; PeproTech), or IFN-γ (50 ng/mL; PeproTech) in
the presence of iNOS inhibitor (1400 W; 10 or 30 μM) ferrop-
tosis inhibitor Fer-1 (10 μM; ChemBridge), deferoxamine (100
μM), Vitamin E (α-tocopherol; 10 μM), N-acetylcysteine (NAC;
800 μM), Vitamin C (AA; 4 μM), diphenyleneiodonium (2 μM),
or NO donor DPTA-NONOate (30 or 100 μM) for 6, 24, or 48
h. To assess proliferation, cells were incubated with 5-ethynyl-2’–
deoxyuridine (EdU; 75 μM; Thermo Fisher) for 24 h. Reagents
were purchased from Sigma-Aldrich unless otherwise stated.

For inflammasome activation, BMDMs were stimulated with
LPS for 16-18 h. Cells were additionally stimulated with adeno-
sine triphosphate (2 mM) for 2 h to activate NLRP3 inflamma-
some. Poly(dA:dT) (1 μg/mL; Sigma) was transfected using Lipo-
fectamine 2000 (Invitrogen) in accordance with the manufac-
ture’s protocol to activate AIM2-mediated inflammasome. LFn-
FlaA, LFn-FlaA(AAA) were kind gifts from Dr. Russell E. Vance (UC
Berkeley), and were purified as previously described [44]. Detoxi-
Gel (Pierce) was used to remove endotoxin according to man-
ufacturer’s protocol. To activate NLRC4 inflammasome, BMDMs
were stimulated additionally with anthrax protective antigen (PA,
10 μg/mL; Merck) and purified LFn-FlaA (5 μg/mL) or LFn-
FlaA(AAA) (5 μg/mL) for 1 h. Cell supernatants were harvested
for IL-1β detection.

Nitric oxide production assay

Day 7 BMDMs were stimulated in the presence of IFN-γ (20
ng/mL; PeproTech) with either LPS (100 ng/mL), R837 (2.5

μg/mL), CpG (1 μM), or Poly I:C (40 μg/mL) for 6 h. Super-
natants were removed and subjected to Griess Assay (home-
made). All reagents were purchased from Sigma–Aldrich unless
stated otherwise.

Cytokine detection with ELISA

Cytokine concentrations in cell culture supernatants were deter-
mined by sandwich ELISA using the following antibodies (eBio-
science): IL-1β (14-7012-85 and 13-7112-85), IL-6 (14-8061-62
and 13-7062-85), IL-12 (14-7125-85 and 13-7123-85), and TNF-
α (14-8321 and 13-7341-85).

Flow cytometry

Viable cells were stained with eFluor780 (eBioscience), Zombie
Aqua (Biolegend), or Sytox green (Thermo Fisher) diluted in
PBS for 30 min at 4°C and blocked with anti-CD16/32 (home-
made) prior to cell surface staining. Cells were stained in PBS
containing 2% heat-inactivated FBS and 2 mM EDTA at 4°C.
Antibodies used were as follows: anti-CD206 (C068C2; L138D7)
anti-CD301 (LOM-8.7; URA-1), anti-PDL2 (TY25), anti-F4/80
(BM8), anti-CD11c (N418), anti-CD11b (M1/70), anti-Siglec F
(E50-2440; BD Bioscience), anti-I-A/I-E (M5/114.15.2), anti-
CD45 (30-F11), anti-CD4 (RM4-5; GK1-5 eBioscience), anti-CD8
(53-6.7; eBioscience), anti-CD45.1 (A20), anti-CD45.2 (104),
anti-Ly6G (1A8), anti-Ly6C (HK1.4), anti-GR1 (RB6-8C5), anti-
Ter119 (TER-119; eBioscience), anti-TCRβ (H57-507), anti-CD19
(6D5), anti-CD34 (SA376A4), anti-B220 (RA3-6B2), anti-Sca1
(D7; BD Bioscience), anti-cKit (2B8), anti-CD16/32 (93; eBio-
science), streptavidin (563262; BD Bioscience). For intracellular
staining, cells were fixed in 4% paraformaldehyde and were
stained for 1 h at 25°C with anti-RELMα (500-P214; PeproTech),
anti-Gpx4 (EPNCIR144; Abcam) and anti-NOS2 (M19; Santa
Cruz Biotechnology) in 0.5% saponin buffer. Cells were further
stained with anti-rabbit IgG (Southern Biotech). All antibodies
were purchased from Biolegend unless noted otherwise. For
ROS and mitochondrial dyes, cells were labeled with 5 μM
MitoSOX, 1 μM H2DCF-DA, 2 μM C11-Bodipy581/591, and 20
nM mitotracker green and deep red according to manufacturers’
protocol. Lipid peroxidation was determined by oxidation of C11
measured on 488 nm laser (green emission at 530/30). Click-iT
EdU was detected according to manufacturers’ protocol. All dyes
were purchased from Thermo Fisher. Data were acquired at a
minimum of 100,000 cells on FACSCanto II or LSRFortessa (BD
Biosciences), FACS sorted with FACSAria III (BD Bioscience), and
were analyzed with FlowJo software version 10 (TreeStar).

Real-time RT-PCR analysis

Total RNA was extracted using TRI Reagent (Invitrogen), followed
by reverse transcription using GoScript RT (Promega). Quantita-
tive real-time RT-PCR was performed using Brilliant SYBR Green
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(Stratagene) on an i-Cycler (Bio-Rad Laboratories) according to
manufacturers’ protocol. Relative expression was normalized to
the housekeeping genes TBP-F (5’ – TTG ACC TAA AGA CCA TTG
CAC TTC – 3’) and TBP-R (5’ – TTC TCA TGA TGA CTG CAG CAA
A – 3’) or EF-1α-F (5’-TCCACTTGGTCGCTTTGCT-3’) and EF-1α-R
(5’-CTTCTTGTCCACAGCTTTGATGA-3’). Primer sequences are as
follows: Arg1-F (5’ – ACC TGG CCT TTG TTG ATG TCC CTA – 3’),
Arg1-R (5’ – AGA GAT GCT TCC AAC TGC CAG ACT – 3’), Fizz1-F
(5’ – TCC AGC TGA TGG TCC CAG TGA ATA – 3’), Fizz1-R (5’ –
ACA AGC ACA CCC AGT AGC AGT CAT – 5’), Ym1-F (5’ – AGA
AGG GAG TTT CAA ACC T – 3’), Ym1-R (5’ – GTC TTG CTC ATG
TGT GTA AGT GA – 3’), Gpx4-F (5’ – CTG TGG AAA TGG ATG
AAA G – 3’), Gpx4-R (5’ – TCA ATG AGA AAC TTG GTA AAG – 3’),
Ptgs2-F (5’ – TGT GAA CAA CAT CCC CTT CC – 3’), Ptgs2-R (5’ –
GTC ATG CGC TGA GTT GTA GG – 3’), Slc7a11-F (5’ – GCT CGT
AAT ACG CCC TGG AGC – 3’), and Slc7a11-R (5’ – CGA GCT TGA
TTG CAA GTT CAG G – 3’).

Hydrodynamic overexpression of IL-4

For hydrodynamic gene delivery, the mouse IL-4 coding sequence
was cloned into pTT5 expression vector. Plasmid DNA was puri-
fied using the Maxi-prep kit (Zymo Research) and adjusted to 10
mg/mouse in sterile DPBS (Thermo Fisher) in total volume (mL)
of 10% of body weight (g). Mice were injected intravenously and
monitored daily until euthanized.

L.monocytogenes, L. major, and N. brasiliensis infections

Listeria monocytogenes (LM10403S) was cultured in brain heart
infusion (BHI; Sigma Aldrich) at 37°C and was grown to log-
phage measured by OD at 600 nm. Gpx4fl/fl and Gpx4fl/flLysMcre

mice at 7 weeks of age were infected intraperitoneally with 50 000
cfu and sacrificed 2 days postinfection. Temperature and weight
of individual mice were measured over the course of the infec-
tion. Bacterial load was determined from spleen, liver, and PEL
cells by tenfold serial dilutions on BHI agar incubated at 37°C
overnight.

For cutaneous leishmaniasis, Leishmania major parasites
(MHOM/IL/81/FEBNI) were grown in complete Schneider’s
Drosophila Medium (Invitrogen) with 20% heat-inactivated FBS,
100 U/mL penicillin 6-potassium, and 100 μg/mL streptomycin
sulfate for 7 days at 27°C. Metacyclic promastigote parasites were
purified using peanut lectin agglutination (Sigma–Aldrich) as pre-
viously described [45]. Gpx4fl/fl and Gpx4fl/flLysMcre mice at 7
weeks of age were infected with 2 × 106 parasites into the right
hind footpad and footpad swelling was measured weekly for 17
weeks, while a portion of the group was euthanized for analysis
8 weeks postinfection. To quantify parasite load in the footpad,
spleen and draining popliteal lymph node (dLN), single-cell sus-
pensions were plated on 96-well plates across a threefold serial
dilution in complete Schneider’s Drosophila Medium at 27°C. Par-
asite growth was determined after 7 days of incubation. For anal-

ysis of immune cell populations, single-cell suspensions from dLN
were used for FACS analysis.

For Nippostrongylus brasilliensis infection, infective third-stage
larvae (L3) were washed extensively in sterile PBS and 500 live
L3 were injected subcutaneously into loose skin at the base of
the tail of Gpx4fl/fl and Gpx4fl/flCreERT2 mice. Five and nine days
postinfection, PEL was harvested for FACS analysis.

Zymosan-induced peritonitis

Peritoneal inflammation was induced by intraperitoneal injec-
tion of zymosan A (from Saccharomyces cerevisiae, Sigma) at
100 mg/kg to Gpx4fl/fl and Gpx4fl/flCreERT2 mice at 8 weeks of age.
PEL was collected 3 days postzymosan injection and analyzed for
macrophage populations by FACS.

Statistical analysis

GraphPad Prism 8 software was used for representations and
statistical analysis. Student’s t-test was used for comparison of
two groups, paired t-test was used to compare pooled exper-
iments. One- or two-way ANOVA and Tukey’s correction was
used for comparison of more than two groups within the same
experiment.
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