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Antineutrophil cytoplasmic antibody (ANCA)-associated
vasculitides (AAV) are systemic autoimmune diseases
featuring small blood vessel inflammation and organ
damage, including necrotizing crescentic
glomerulonephritis (NCGN). Persistent vascular
inflammation leads to endothelial and kidney cell necrosis.
Ferroptosis is a regulated cell death pathway executed by
reactive oxygen species and iron-dependent lipid
peroxidation culminating in cell membrane rupture. Here
we show that ANCA-activated neutrophils induced
endothelial cell (EC) death in vitro that was prevented by
ferroptosis inhibition with Ferrostatin-1, Liproxstatin-1 and
small inhibiting RNA against the enzyme AcylCoA
Synthetase Long Chain Family Member 4 (ACSL4). In
contrast, neither necroptosis nor apoptosis inhibition
affected EC death. Moreover, both ferroptosis inhibitors
alleviated lipid peroxide accumulation in EC. Increased lipid
peroxidation was detected in kidney sections of AAV mice
by immunohistochemistry. We generated MPO™~ ACSL4"°*
Tie2-Cre™ mice lacking ACSL4 specifically in EC (ACSL4AE)
to study the significance of endothelial ferroptosis in vivo.
ACSL42EC chimeric mice, but not control mice (ACSL4YT),
were protected from NCGN in an MPO-AAV bone-marrow
transplantation model. These data establish that EC
ferroptosis contributes to ANCA-induced
glomerulonephritis. However, systemic pharmacological
ferroptosis inhibition with Ferrostatin-1 or Liproxstatin-1
did not protect from NCGN in a murine AAV model.
Ferrostatin-1 treatment both directly activated T-cell
proliferation and indirectly myeloid-mediated T-cell
proliferation and polarization in vitro. Conceivably, both
effects may cancel the beneficial effect of endothelial
ferroptosis inhibition. Mechanistically, we describe the
importance of EC ferroptosis for the development of AAV.
However, the lack of protection with systemic
pharmacological ferroptosis inhibition should discourage
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clinicians from evaluating this treatment strategy in clinical
AAV studies.
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Translational Statement

We characterized the contribution of endothelial cell
ferroptosis in antineutrophil cytoplasmic antibody
(ANCA)-associated vasculitis (AAV). ANCA-stimulated
neutrophils induced endothelial cell ferroptosis charac-
terized by increased lipid peroxidation. Specific deletion
of the ferroptosis mediator ACSL4 in endothelial cells
prevented necrotizing crescentic glomerulonephritis in a
murine AAV model. In contrast, systemic pharmacologic
ferroptosis inhibition showed no protection. In fact,
Ferrostatin-1 treatment increased pathogenic pathways,
such as T helper 17 cell abundance in kidneys and
neutrophil extracellular trap generation. Our findings
establish the importance of endothelial ferroptosis for
the development of AAV but raise concern about sys-
temic ferroptosis inhibition as a treatment for patients
with AAV.

ated vasculitides are systemic autoimmune diseases

characterized by inflammation of small blood vessels
and multiorgan damage, including necrotizing and crescentic
glomerulonephritis (NCGN).”” ANCA autoantibodies
recognize the autoantigens myeloperoxidase (MPO) or pro-
teinase 3 (PR3), exclusively expressed by neutrophil
granulocytes and monocytes.” ANCA bind to their cell
surface—presented antigens and activate both myeloid cell
types." Once activated, these cells release several proin-
flammatory mediators that damage the endothelium and
further promote vascular inflammation and cell necrosis.’

Q ntineutrophil cytoplasmic antibody (ANCA)-associ-
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Figure 1| Cell-free supernatants (cf-SN) from antineutrophil cytoplasmic antibody (ANCA)-stimulated neutrophils induce ferroptosis
in human endothelial cells. cf-SN from human neutrophils stimulated with either isotype, anti-myeloperoxidase (anti-MPO), or anti-

proteinase 3 (anti-PR3) IgG were added to human umbilical vein endothelial cells (HUVECs) or human glomerular microvascular endothelial
cell (HGMECs) for 16 hours. Ferrostatin-1 (Fer-1, 10 M) and Liproxstatin (Liprox-1, 10 tM) were used to inhibit ferroptosis. Necroptosis was
inhibited by the addition of Necrostatin-1s (Nec-1s, 10 uM) and Necrosulfonamide (NSA, 5 [LM). Apoptosis was inhibited with 10 um pan-
caspase inhibitor Z-VAD-fmk (carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone). At the end of the experiment, (continued)
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Serine proteases and neutrophil extracellular traps (NETs)
released from ANCA-activated neutrophils mediate endo-
thelial cell (EC) injury and death.*’

Necrosis, in contrast to apoptosis, has long been consid-
ered as an unregulated cell death. However, several regulated
necrotic cell death pathways were characterized over the last 2
decades, including necroptosis and ferroptosis.”® Necroptosis
is controlled by the pathway dependent on receptor-
interacting protein kinasel/3 and mixed-lineage kinase
domain-like protein (MLKL) and leads to plasma membrane
rupture.” We previously established the importance of nec-
roptosis and NETs for autoimmune NCGN.’ Ferroptosis
provides a different form of regulated cell death that depends
on iron and reactive oxygen species.'’ The subsequent accu-
mulation of lipid peroxides causes cell membrane rupture and
release of damage-associated molecular patterns. Lipid per-
oxidation is mediated by key enzymes, including acyl-CoA
synthetase long chain family member 4 (ACSL4).'"'"* Pro-
teins belonging to the antioxidant system, such as glutathione
peroxidase 4 (GPX4), protect cell membranes from peroxi-
dation damage."” Ferroptosis regulates several physiological
processes, but its contribution to diseases is still incompletely
understood.'* Ferroptosis in resident kidney cells has been
linked to kidney damage in ischemia/reperfusion and neph-
rotoxic acute kidney injury (AKI).'>' In addition, ferroptosis
activation in neutrophils has been implicated in autoimmune
disease, namely systemic lupus erythematosus.'”

We hypothesized that ferroptosis would mediate EC death
in AAV and that ferroptosis inhibition may therefore repre-
sent a new therapeutic option. We establish EC ferroptosis as
an important disease mechanism in preclinical AAV models.
Importantly, our data support the notion that systemic
pharmacologic ferroptosis inhibition does not provide pro-
tection from AAV and therefore should not be further
explored in clinical studies.

METHODS

Materials

Complete and incomplete Freund’s adjuvant, liberase,
deoxyribonuclease, fetal bovine serum, phorbol 12-myristate
13-acetate, and Ferrostatin-1 were from Sigma-Aldrich. Ion-
omycin and necrosulfonamide were purchased from
Calbiochem-Merck. Liproxstatin-1 was obtained from Sigma-
Aldrich and Selleckchem. Roswell Park Memorial Institute
1640 medium and phosphate-buffered saline without mag-
nesium and calcium ions were from Biochrom GmbH.

A

HUVECs (human umbilical vein ECs) and HGMECs (pri-
mary human glomerular microvascular ECs) were obtained
from Sigma-Aldrich and Cell Systems, respectively.
Necrostatin-1s were ordered from VWR International GmbH
and Z-VAD-fmk from Enzo Life Sciences. Human and mouse
tumor necrosis factor-o. were from R&D Systems. Anti-MPO
monoclonal antibody (clone 2C7) was purchased from Ori-
Gene, and anti-PR3 monoclonal antibody (clone 43-8-3)
isolated from hybridomas generated by BioGenes GmbH.

Animal experiments

Mice were kept under specific pathogen-free conditions at the
Max Delbriick Center for Molecular Medicine animal facility.
Acsl4™ mice were kindly provided by M. Conrad (Helmholtz
Zentrum Miinchen, Neuherberg, Germany). B6.Cg-Tg(Tek-
cre)12FIlv/] (Tie2-cre) mice were obtained from the Jackson
Laboratory. The purification of murine MPO and the immu-
nization of Mpo™~ mice were performed as described previ-
ously.'® In brief, Mpo™~ x Acsl4™ x Tie2Cre" and Mpo™~ x
Acsl4™™ x Tie2Cre (generated by crossing Mpo™", Acsld™™™,
and Tie2Cre™~ mice) mice were immunized i.p. with murine
MPO in complete Freund’s adjuvant, boosted i.p. with murine
MPO in incomplete Freund’s adjuvant after 4 weeks, lethally
irradiated, and subsequently transplanted iv. with bone
marrow cells (1.5 x 107) from C57BL/6] (the Jackson Labo-
ratory) wild-type (WT) mice. Mice were sacrificed 7-8 weeks
after transplantation. For the passive transfer model, C57BL/6]
mice were treated with granulocyte colony-stimulating factor
(30 pg/mouse) subcutaneously at days 8, 4, and 0, lipopoly-
saccharide (5 Hg/g body weight) i.p. injection, and aMPO IgG
(50 pg/g body weight) i.v. injection at day 0. Ferroptosis inhi-
bition was mediated by daily i.p. injection of Ferrostatin-1 (Fer-
1, 3 pg/g body weight) or Liproxstatin-1 (Liprox-1, 10 pg/g
body weight) from day 0 until sacrifice at day 7.

The isolation of aMPO IgG from immunized mice was
performed as previously described.'® Male and female mice
were used. Animal experiments were approved by the local
authorities (Landesamt fiir Gesundheit und Soziales, Berlin,
Germany) and followed the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines.

RESULTS

ANCA-stimulated human neutrophils induce ferroptosis in
human endothelial cells

We first activated human neutrophils with ANCA to produce
cell-free supernatants (cf-SN). Cells were primed with tumor

|

Figure 1 | (continued) HUVECs and HGMECs were stained with Annexin V-fluorescein isothiocyanate and propidium iodide (Pl) and analyzed by
flow cytometry. Necrotic cells defined as Annexin V*/PI* cells were quantified (n = 3/4 per condition). (a) Representative FACS plot and (b)
quantification showing HUVEC necrosis after incubation with cf-SN from ANCA-stimulated neutrophils and the protective effect of Fer-1
and Liprox-1. In contrast, Nec-1s, NSA, and Z-VAD-fmk had no protective effects. (c) LDH release from HUVECs in culture medium was deter-
mined by ELISA. Only ferroptosis inhibitors significantly reduced lactate dehydrogenase (LDH) release. (d) Representative fluorescence-
activated cell sorting plot and (e) quantification showing HGMEC necrosis after incubation with cf-SN from ANCA-stimulated neutrophils
and the protective effect of Fer-1 and Liprox-1. In contrast, other inhibitors had no protective effects. (f) LDH release from HGMECs in culture
medium was determined by enzyme-linked immunosorbent assay. Only ferroptosis inhibitors significantly reduced LDH release. Error bars indi-
cate means £ SEM. **P < 0.01; ***P < 0.001. Ctrl, control mice; OD, optical density.
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Figure 2| Cell-free supernatants (cf-SN) from antineutrophil cytoplasmic antibody (ANCA)-stimulated neutrophils increase lipid
peroxidation in human endothelial cells. (a) Human umbilical vein endothelial cells (HUVECs) and (b) human glomerular microvascular
endothelial cells (HGMECs) were incubated for 16 hours with SN from ANCA-stimulated neutrophils as described in Supplementary

Figure STA. In some conditions, Ferrostatin-1 (Fer-1) and Liproxstatin-1 (Liprox-1) pretreatment were performed to inhibit ferroptosis. Cells
were then washed, stained for lipid peroxidation (4-HNE, red) and nuclei (4',6-diamidino-2-phenylindole [DAPI], blue), and observed by
microscopy (original magnification x20). Ferroptosis inhibition significantly reduced the production of the cytotoxic lipid (continued)
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necrosis factor-o. and stimulated for 2 hours with either
oMPO, PR3, or isotype IgG, respectively. cf-SN were
collected and added to confluent HUVECs and HGMECs
(Supplementary Figure SIA). cf-SN from neutrophils stimu-
lated with «MPO and aPR3 antibodies induced necrosis in
HUVECs (Figure 1a and b) and HGMECs (Figure 1d and e),
as illustrated by the increased number of Annexin V/propi-
dium iodide double-positive cells determined by flow
cytometry. Different inhibitors of regulated necrosis were
added to ECs to dissect which specific cell death pathway was
involved. Here, both necroptosis inhibition with Necrostatin-
Is or Necrosulfonamide and apoptosis inhibition with caspase
inhibitor (Z-VAD-fmk) did not reduce necrosis in HUVECs
incubated with supernatants from ANCA-stimulated neu-
trophils. In contrast, specific ferroptosis inhibition with Fer-1
or Liprox-1 significantly reduced necrosis in HUVECs
(Figure la and b) and HGMECs (Figure 1d and e). In addi-
tion, the release of lactate dehydrogenase, characteristic of a
damaged plasma membrane, was significantly reduced by
both ferroptosis inhibitors in both HUVECs (Figure 1c) and
HGMECs (Figure 1f). We observed no effects using nec-
roptosis and apoptosis inhibitors. We evaluated lipid peroxi-
dation in HUVECs and HGMECs using staining for 4-
hydroxynonenal (4-HNE), a reaction product generated
during ferroptosis. We observed by microscopy that 4-HNE
staining in cells incubated with cf-SN from neutrophils
stimulated with tMPO and 0/PR3 antibodies was increased,
whereas cf-SN from neutrophils stimulated with isotype IgG
had no effect (Figure 2a and b and Supplementary Figure S1B
and C). Ferroptosis inhibition with Fer-1 and Liprox-1
treatment abrogated 4-HNE generation in HUVECs and
HGMECs and prevented cell detachment. In addition, we
used the lipid peroxidation sensor C11-BODIPY and flow
cytometry. Again, we saw increased lipid peroxidation in
HUVECs incubated with cf-SN from neutrophils stimulated
with aMPO and aPR3 antibodies compared with cf-SN from
isotype-stimulated neutrophils (Figure 2c). Fer-1 treatment
significantly decreased lipid peroxidation in HUVECs. We
speculated that ferroptosis in HUVECs would compromise
the endothelial barrier. Indeed, we observed that cf-SN from
oMPO- and aPR3-stimulated neutrophils increased trans-
endothelial albumin flux through a HUVEC monolayer
(Figure 2d). This effect was significantly reduced by Fer-1
treatment but not by Necrostatin-1s nor Z-VAD-fmk treat-
ment. cf-SN from neutrophils stimulated with isotype 1gG or
inhibitors alone did not perturb the integrity of the HUVEC
barrier (Figure 2d). As a complementary strategy to Fer-1 and

d

Liprox-1 treatment, we used small, interfering RNA (siRNA)
against ACSL4, an important mediator of lipid peroxidation,
to inhibit ferroptosis. HUVEC transfection with siRNA
against ACSL4 reduced the ACSL4 protein level by approxi-
mately 75% compared with scramble siRNA (Figure 3a).
Importantly, siRNA against ACSL4 significantly reduced
HUVEC necrosis in response to cf-SN from neutrophils
stimulated with aMPO and PR3 antibodies when compared
with scramble siRNA (Figure 3b and c). We further used this
siRNA approach to target MLKL and interfere with the nec-
roptosis pathway. siRNA against MLKL decreased the MLKL
protein level by approximately 60% in HUVECs compared
with scramble siRNA (Figure 3d). In contrast to ACSLA4,
MLKL knockdown had no effect on HUVEC necrosis induced
by cf-SN from neutrophils stimulated with «MPO and aPR3
antibodies. These data confirm that necroptosis is not
induced in ECs incubated with neutrophil cf-SN (Figure 3e
and f). Altogether, these results demonstrate that cf-SN from
ANCA-stimulated neutrophils induce ferroptosis in EC,
thereby compromising the endothelial barrier.

Ferroptosis is activated in kidneys from mice with AAV

Next, we studied whether ferroptosis was increased in
kidneys from mice with aMPO-induced NCGN using a
preclinical AAV mouse model. We stained kidney sections
for 4-HNE, a lipid peroxidation marker, and CD31 as an
EC marker. In control mice, we observed bright CD31
staining in glomeruli and tubulointerstitial vessels and only
a weak background 4-HNE staining (Figure 4a). In
contrast, the 4-HNE signal was increased in AAV mice. The
localization pattern of 4-HNE staining was glomerular,
periglomerular, and extraglomerular vessels. Some
glomeruli preserved CD31 staining, whereas others lacked
CD317 cells as the consequence of EC damage. Additional
ferroptosis markers, such as CD71 and malondialdehyde,
confirmed these data as they were increased in kidneys
from AAV  mice compared with control mice
(Supplementary Figure S2). When we analyzed protein
levels of GPX4 and ACSL4 in kidney lysates by western
blot, we observed that ACSL4 protein was notably upre-
gulated, whereas GPX4 was strongly reduced in mice with
AAV compared with control mice (Figure 4b and c).
Quantitative reverse transcriptase—polymerase chain reac-
tion analyses for Acsl4 and Gpx4 genes showed a similar
regulation pattern at mRNA levels (Figure 4d and e).
Mechanistically, these results suggest that the increased
ferroptosis observed in kidneys from AAV mice resulted

|

Figure 2 | (continued) oxidation product 4-hydroxynonenal (4-HNE). A representative image for each condition is shown (from n = 3
experiments). Bar = 100 um. (c) cf-SN were added to HUVECs for 16 hours. Fer-1 (10 uM) was used to inhibit ferroptosis. At the end of the
experiment, HUVECs were stained with C11-BODIPY 581/591 and analyzed by flow cytometry (n = 4 per condition). A representative FACS plot
showing lipid peroxidation in HUVECs after incubation with cf-SN from ANCA-stimulated neutrophils and the protective effect of Fer-1 is pre-
sented. (d) Increased HUVEC permeability by cf-SN from alpha myeloperoxidase (2MPO) and alpha proteinase 3 (otPR3) mAb-stimulated neu-
trophils. Ferroptosis inhibition with Fer-1 significantly reduced endothelial cell permeability, whereas neither necroptosis inhibition with Nec-1s
nor apoptosis inhibition with Z-VAD-fmk exerted beneficial effects (n = 5 per condition). Error bars indicate means + SEM. **P < 0.01; ***P <
0.001. AU, arbitrary unit; Ctrl, control mice; FACS, fluorescence-activated cell sorting; Iso, isotype; MFI, mean fluorescence intensity. To optimize
viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 3| Acyl-CoA synthetase long chain family member 4 (ACSL4), but not mixed-lineage kinase domain-like protein (MLKL),
knockdown decreases endothelial cell death induced by supernatants from antineutrophil cytoplasmic antibody (ANCA)-stimulated
neutrophils. (a) Human umbilical vein endothelial cells (HUVECs) were transfected with either small, interfering RNA (siRNA) directed against
ACSL4 or scrambled siRNA. HUVECs with and without Lipofectamine (Lipof.) were used as controls. A representative western blot (continued)
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from an increased expression of the pro-ferroptotic ACSL4
protein together with a decreased expression of the anti-
ferroptotic GPX4 protein.

Chimeric mice lacking ACSL4 in endothelial cells are
protected from anti-MPO IgG-induced NCGN

To assess the contribution of EC ferroptosis to AAV, we
generated mice with an EC-specific ACSL4 deletion. For this
purpose, we bred ACSL4"*, MPO™ and Tie2-Cre" mice to
obtain MPO™~ ACSLA™* Tie2-Cre* (Acsl4AEC) mice defi-
cient for ACSL4 in EC only and Tie2-Cre~ (Acsla™™) litter-
mate control mice. We immunized both mouse lines with
murine MPO to induce the production of anti-MPO im-
munity. Mice were then irradiated and transplanted with
bone marrow cells from WT mice. Animals were sacrificed 7—
8 weeks after transplantation (Figure 5a), and urine, serum,
and kidneys were analyzed. Kidney histology revealed pro-
tection from kidney damage in Acsl42*C mice with a signif-
icantly reduced percentage of crescentic and necrotic
glomeruli compared with Acsl4"" mice (Figure 5b). In
accordance with that, we detected reduced malondialdethe
signal by immunohistochemistry and microscopy in Acsl4~"“
compared with Acsl4"" mice (Figure 5¢). The urine albumin/
creatinine ratio was similar in both groups (Figure 5d), and
urinary neutrophil gelatinase-associated lipocalin  was
decreased in Acsl4*®C  mice, albeit not significantly
(Figure 5e). Analyzing renal infiltrating myeloid cells by flow
cytometry, we detected similar numbers of infiltrating
CD11b " Ly6C™ inflammatory monocytes and CD11b " Ly6G ™"
neutrophils in both groups (Figure 5f).

These results from a genetic model strongly establish that
EC ferroptosis mediates AAV development in mice. Moreover,
these findings suggest that pharmacologic ferroptosis inhibi-
tion represents a potential therapeutic strategy for patients
with AAV. We next tested this hypothesis in a preclinical
murine AAV model.

Ferroptosis inhibition with Fer-1 and Liprox-1 does not
protect mice from ANCA-associated NCGN

We used a passive AAV mouse model to investigate the effects
of Fer-1 and Liprox-1 treatment in vivo. C57Bl/6] mice
received granulocyte colony-stimulating factor, lipopolysac-
charide, and anti-MPO IgG at the indicated time points
(Figure 6a, Supplementary Figure S3A). One group of mice
received daily injection of Fer-1 or Liprox-1 from disease
initiation at day 0 until sacrifice at day 7. Another group of
mice was treated with buffer only and served as control. An
additional group of healthy mice was included to provide

A

baseline values for the different analyzed parameters. In
contrast to our hypothesis, ferroptosis inhibition did not
protect mice from AAV-associated NCGN. Fer-1-treated and
control mice developed similar percentage of glomeruli with
crescent and necrosis (Figure 6b). Similar observations were
made in mice treated with Liprox-1 (Supplementary
Figure S3B). Regarding lipid peroxidation, the malondialde-
hyde signal detected by immunohistochemistry and micro-
scopy was not modified by Fer-1 treatment (Supplementary
Figure S4A) as were urine albumin/creatinine ratio and
neutrophil gelatinase-associated lipocalin levels by both
treatments (Figure 6¢, Supplementary Figure S3C and D).
Moreover, the number of kidney-infiltrating CD11b*Ly6G™
neutrophils and CD11b"Ly6C™ inflammatory monocytes
detected by flow cytometry was not affected by Fer-1 and
Liprox-1 treatment (Figure 6e, Supplementary Figure S3E). In
addition to innate immune cells, we assessed T-cell subsets
that were shown to mediate kidney injury in AAV. We
detected a similar percentage of renal CD4 " cells in the Fer-1
treatment and control group but observed differences in the
T-cell helper (Ty) subset composition (Figure 6f and
Supplementary Figure S4B). IENY™ Tyl cells represented the
prominent subset and numbers were similar in both groups.
In contrast, ILI7A™ Ty17 cells were significantly increased in
mice treated with Fer-1.

These results reject our hypothesis and strongly suggest
that systemic pharmacologic ferroptosis inhibition does not
represent a therapeutic option for AAV. A question that arises
from these findings pertains to mechanisms of how Fer-1
modulates T-cell proliferation and/or polarization. We did
several exploratory experiments to gain first insight into po-
tential explanations for the lacking protection of systemic Fer-
1 treatment. We focused on CD4" T cells, monocytes, and
neutrophils because these cells were shown to contribute to
AAV.

Ferroptosis inhibition modulates T-cell proliferation,
monocyte-mediated Ty17 polarization, and NET release
First, we investigated whether ferroptosis was modulated in
activated CD4" T cells in vitro. Murine cells isolated from
spleens were incubated in the presence or absence of T-cell
activating CD3/CD28 Dynabeads. After 3 days in culture, we
evaluated lipid peroxidation in CD4" T cells using the lipid
peroxidation sensor CI11-BODIPY and flow cytometry.
Compared with cells cultured without Dynabeads, lipid per-
oxidation in activated cells was increased (Figure 7a). Fer-1
treatment abrogated this effect, suggesting that ferroptosis is
induced during CD4" T-cell activation. We then questioned

|

Figure 3 | (continued) showing efficient ACSL4 knockdown is shown (n = 4). B-Actin was used as loading control. (b) HUVECs transfected with
either a scramble siRNA or siRNA against ACSL4 were incubated with cell-free supernatants from neutrophils stimulated with alpha myeloper-
oxidase (MPO), alpha proteinase 3 (aPR3), or isotype IgG for 16 hours. HUVECs were stained with Annexin V-fluorescein isothiocyanate and
propidium iodide (Pl) and analyzed by flow cytometry. Necrotic cells defined as Annexin V*/PI™ cells were quantified (n = 4 per condition). (c) A
representative flow cytometry plot is shown for each condition. (d) HUVECs were transfected with either siRNA directed against MLKL or scram-
bled siRNA. HUVECs with and without Lipof. were used as controls. A representative western blot showing efficient MLKL knockdown is shown
(n = 3). B-Actin was used as loading control. (e) HUVECs were treated and analyzed as described above (n = 3 per condition). (f) A represen-
tative flow cytometry plot is shown for each condition. Error bars indicate means 4+ SEM. **P < 0.01; ***P < 0.001.
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Figure 4| Ferroptosis is activated in kidneys from mice with antineutrophil cytoplasmic antibody-associated vasculitis (AAV). (a)
Representative immunofluorescence images for 4-hydroxynonenal (4-HNE; red) show increased ferroptosis in kidneys from mice with alpha
myeloperoxidase (aMPO)-induced necrotizing crescentic glomerulonephritis (AAV) compared with control mice (Ctrl). CD31 (green) was used
to stain endothelial cells and 4’,6-diamidino-2-phenylindole (DAPI; blue) to stain nuclei. Selected glomeruli in upper panels (original
magpnification x20) were enlarged. Bar = 50 pim. (b) Acyl-CoA synthetase long chain family member 4 (ACSL4) and (c) glutathione peroxidase 4
(GPX4) protein expression were determined in kidney lysates from mice with aMPO AAV by western blot. Healthy mice were used as control
(Ctrl). B-Actin was used as loading control. The respective quantification shows an increased ACSL4 (n = 4) and a decreased GPX4 expression
(n = 8-9) in AAV mice. (d) Ascl4 and (e) Gpx4 mRNA expression were determined by reverse transcriptase—polymerase chain reaction in kidney
lysates from AAV and control mice. Error bars indicate means + SEM. *P < 0.05; ***P < 0.001. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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Figure 5| Chimeric mice lacking acyl-CoA synthetase long chain family member 4 (ACSL4) in endothelial cells (ECs) are protected
from anti-myeloperoxidase (anti-MPO) IgG-induced necrotizing crescentic glomerulonephritis (NCGN). (a) Experimental settings
describing the induction of NCGN in MPO™~ACSL4™°*Tie2-Cre™ mice with a normal ACSL4 expression (ACSL4™T) and in MPO™"ACSL4™*Tie2-
Cre™ mice with an EC-specific ACSL4 deletion (ACSL4%E9). (b) Mice with a specific ACSL4 deletion in ECs developed less renal damage with a
reduction of crescentic and necrotic glomeruli compared with control mice. A representative image of a kidney section stained with periodic
acid-Schiff at high magnification (original magnification x20) is shown for each group. Bar = 50 pm. (c) Representative immunofluorescence
images (original magnification x20) for malondialdehyde (MDA; green) show reduced ferroptosis in kidneys from ACSL4EC mice. CD31 (red)
was used to stain ECs and 4',6-diamidino-2-phenylindole (DAPI; blue) to stain nuclei. Bar = 50 pm. (d) Urine albumin-creatinine ratio (uACR)
and (e) neutrophil gelatinase-associated lipocalin (NGAL) urine levels determined by enzyme-linked immunosorbent assay (ELISA) were
similar for both groups. (f) Renal immune cells were analyzed by flow cytometry. Infiltration of CD11b*Ly6G™ neutrophils and
CD11b*Ly6G Ly6C" classical monocytes (CM) was similar in both groups. The number of immune cells is expressed per gram (g) kidney and
calculated using counting beads. Error bars indicate means &+ SEM. ***P < 0.001. BM, bone marrow; WT, wild type. To optimize viewing of this

image, please see the online version of this article at www.kidney-international.org.
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Figure 6| Ferroptosis inhibition with Ferrostatin-1 (Fer-1) does not protect mice from the development of antineutrophil
cytoplasmic antibody (ANCA)-associated necrotizing crescentic glomerulonephritis (NCGN). (a) Experimental settings describing the
induction of NCGN in wild-type mice induced by granulocyte colony-stimulating factor (G-CSF; 30 pg/mouse), lipopolysaccharide (LPS; 5 ng/g
body weight), and alpha myeloperoxidase (aMPO) IgG (50 [1g/g body weight) injection. Ferroptosis inhibition was mediated by daily injection
of Fer-1 (3 pg/g body weight) from day 0 until sacrifice at day 7. (b) Mice treated with Fer-1 developed similar renal damage to (continued)
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proliferation was analyzed by flow cytometry. For the polar-
ization assay, sorted cells were incubated in Ty17 polarizing
medium for 6 days and IL17" cells were quantified by flow
cytometry. We observed a direct positive impact of Fer-1
treatment on CD4" cell proliferation but not on polariza-
tion (Figure 7b and c). Next, we investigated whether Fer-1
would indirectly modulate T-cell functions by interfering
with myeloid cells such as monocytes. To test this hypothesis,
we generated cf-SN from anti-MPO IgG-stimulated murine
monocytes preincubated with Fer-1 or buffer control. Su-
pernatants from monocytes stimulated with tumor necrosis
factor-o alone or unstimulated were used as control. cf-SN
from anti-MPO IgG-treated monocytes that were pre-
incubated with Fer-1, but not with buffer control, signifi-
cantly increased CD4" proliferation and polarization
(Figure 7d and e). This effect was not seen when monocytes
were preincubated with Fer-1 or treated with isotype control
or left untreated. These data suggest that Fer-1 modulates
monocyte proinflammatory functions that in turn modulate
T cells in a paracrine fashion. For instance, we observed that
Fer-1 treatment slightly, albeit significantly, decreased IL-1
release in tMPO IgG-stimulated monocytes (Supplementary
Figure S5A). It is unlikely that these effects played a role as
IL-1B is a key factor for Tyl7 polarization. Fer-1 treatment
had no effect on IL-6 release (Supplementary Figure S5A).
Studying Fer-1 effects on murine neutrophil functions, we
observed that preincubation with Fer-1 significantly increased
ANCA-stimulated NET generation in neutrophils isolated
from the bone marrow (Figure 7f). We observed similar ef-
fects in human neutrophils isolated from the blood
(Supplementary Figure S5B).

Together, these findings indicate that ferroptosis inhibition
leads both directly to stimulation of T-cell proliferation and
indirectly to myeloid cell-mediated paracrine T-cell prolifer-
ation as well as Ty17 cell polarization (Figure 6g). These ef-
fects are important disease mediators in AAV and likely
counteract the beneficial effects of ferroptosis inhibition in
other renal and vascular cells such as ECs.

DISCUSSION

Our study revealed important novel findings with potential
clinical implications. First, ferroptosis provides the major cell
death pathway in vascular endothelium challenged by ANCA-
activated neutrophils. Second, we demonstrate that EC fer-
roptosis is increased in kidneys from mice with AAV and that
mice lacking ACSL4 specifically in EC were protected from

A

the development of anti-MPO IgG-induced NCGN. Third, in
contrast to genetic deletion in EC, we report that systemic
ferroptosis inhibition with Fer-1 or Liprox-1 did not protect
mice from NCGN and therefore does not provide a promising
therapeutic option for patients with AAV. Fourth, we
observed that pharmacologic ferroptosis inhibition with Fer-1
promoted proinflammatory functions of myeloid cells,
namely monocyte-mediated Tyl7 polarization and NET
production. These effects counteract the beneficial effect of
ferroptosis inhibition in EC and may explain the lack of renal
protection with systemic Fer-1 treatment in AAV.

EC damage leads to vascular and renal cell necrosis during
AAV. Neutrophils and monocytes are important mediators of
this injury process.” It has been shown that necrosis is
regulated by distinct regulated cell death pathways, including
necroptosis, pyroptosis, and ferroptosis.” These pathways,
essential for tissue homeostasis, have been increasingly re-
ported to be important in inflammatory process and disease
development.'” Ferroptosis is driven by oxidative stress and
iron-dependent phospholipid peroxidation,'’ which makes it
an attractive hypothetical target in AAV-mediated vascular
damage. We provide evidence that supernatants from ANCA-
activated neutrophils induced lipid peroxidation and subse-
quent EC death that was reduced by ferroptosis inhibition
with Fer-1 or Liprox-1 but not by compounds blocking either
necroptosis or apoptosis. A second approach, namely down-
regulation of the central ferroptosis mediator ACSL4 with
siRNA, recapitulated the effect of Fer-1 and Liprox-1 treat-
ment. Several factors released from ANCA-activated neutro-
phils have been implicated as mediators of EC injury,
including microparticles,” neutrophil serine proteases,’
NETs,” and MPO.”' Whether 1 or more of these mediators
modulate ferroptosis in EC should be explored in future
studies.

Using a preclinical AAV model, we detected several fer-
roptosis markers that were increased in kidneys from AAV
compared with healthy mice. Increased lipid peroxidation was
found in glomerular and extraglomerular vessels. In addition,
ACSL4, an enzyme promoting lipid peroxidation, was
increased at mRNA and protein levels. In contrast, GPX4 that
protects cells from peroxidation was downregulated. These
data indicate locally activated EC ferroptosis in kidneys dur-
ing AAV. Based on these findings, we investigated whether EC
ferroptosis contributes to NCGN in a murine AAV model. We
generated mice with an EC-specific ACSL4 deletion that were
protected from anti-MPO IgG-induced NCGN. This

|

Figure 6 | (continued) mice without treatment. Representative images of kidney sections stained with periodic acid-Schiff at high
magnification (original magnification x40) and quantitative analyses of glomeruli with crescents and necrosis are shown for each group. Bar =
20 um. Data from 3 healthy mice are provided for comparison. (c) Urine albumin-creatinine ratio (UACR) and (d) neutrophil gelatinase-
associated lipocalin (NGAL) urine levels determined by enzyme-linked immunosorbent assay were similar in both groups. (e) Myeloid cell infil-
tration was analyzed by flow cytometry. Infiltration of CD11b*Ly6G™ neutrophils and CD11b*Ly6G Ly6C" classical monocytes (CM) was similar
in both groups. (f) Lymphoid cell infiltration was analyzed by flow cytometry. Infiltration of CD3%, CD4™, and CD8" cells (per gram kidney) was
similar in both groups. (g) T helper cell (Ty)1 and T17 cell subsets were determined by flow cytometry and expressed as percentage of CD4™
cells. T417 cells were increased in mice treated with Fer-1. The number of immune cells expressed per gram (g) kidney was calculated using
counting beads. Error bars indicate means £ SEM. *P < 0.05. AAV, antineutrophil cytoplasmic antibody-associated vasculitis; HC, healthy con-
trol; LPS, lipopolysaccharide. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

Kidney International (2025) 107, 1037-1050 1047


http://www.kidney-international.org

basic research A Rousselle et al.: Ferroptosis in AAV

a CD4 lipid peroxidation b __ CD4 proliferation ¢ co# polarization
30+ *kk ESJ 50 *kk 307
o 1 Ctrl . @
& | =aFert _ & = . ©
3 4 .
£ 201 = 2 4 5-320 H .
o ) o i
L -
2 3 201 =
<~ 104 © £ 104
S5 L
o o0 -g 104
O\O =4
ol ) =) .|°'| < ol 04
Unstim. CD3/CD28 beads Ctrl  Fer-1 Ctrl  Fer-1
d N e o
— CD4- proliferation CD4* polarization
SJ 50+ 40
&) *k%k *k%k
S 49 © 301 :
3 30 8 i 5 ] c
3 . . S~ 209 ¢ o o* - |® 1 Fer-1
£ 20- = . .
E-’ 2 0d1°® - *7 oo o*
5 107
o
X 0 T T T 0 T T T
Mono Mono Mono ~ Mono Mono Mono
SN: TNF-a TNF-a SN: TNF- TNF-a
aMPO aMPO
f @ TNF-a TNF-a + aMPO

NETs

Ctrl

i B --

AU
IN

) m
Fer-1
olom e ™1™ '
(0] TNF-a TNF-a
aMPO

Fer-1 N\ Fer-1
<K h o

Anti-MPO IgG )\
CD4 Neu
‘& cD4 CcD4
T17 NETs

\ ; 4

l . |

X : = o
Fer-1 | 1 ECdeath L NCGN | AcsLa% ™ NCGN Fer-1
Liprox-1 in vitro in vivo in vivo Liprox-1

Figure 7 | Ferrostatin-1 (Fer-1) increases monocyte-mediated T-cell polarization, proliferation, and neutrophil extracellular trap (NET)
release in vitro. (a) CD4" T cells isolated from spleens of C57BI/6J mice were incubated with CD3/CD28 Dynabeads (at a bead/cell ratio of
1:2.5). After 3 days, cells were washed with phosphate-buffered saline, collected with trypsin, stained with C11-BODIPY 581/591, and analyzed
by flow cytometry (duplicates from 3 independent experiments). (b) CD4" T cells isolated from spleens of C57BI/6J mice were labeled with
carboxyfluorescein succinimidyl ester (CFSE) and incubated with CD3/CD28 Dynabeads (at a bead/cell ratio of 1:2.5). Fer-1 was used to inhibit
ferroptosis. After 72 hours in culture, proliferation was assessed by flow cytometry. The corresponding percentages of (continued)

<
=]
|
/
-—
/

1048 Kidney International (2025) 107, 1037-1050



A Rousselle et al.: Ferroptosis in AAV

basic research

beneficial effect was not explained by reduced myeloid cell
infiltration as renal neutrophil and classical monocyte
numbers were similar in both groups. However, we observed
decreased lipid peroxidation in kidneys from ACSLAFC mice.

One might speculate that ferroptosis-deficient ECs
modulate the immune response to necrosis, a process defined
as necroinflammation.”” Increasing evidence suggests that EC
ferroptosis is widely involved in multiple vascular diseases
including atherosclerosis and ischemia/reperfusion injury.”’
Moreover, ferroptosis was associated with tubular cell death
in different models of AKI.** Mice lacking ACSL4 specifically
in tubular cells showed reduced ferroptosis and renal injury
after ischemia/reperfusion-induced AKI”” Studies have
demonstrated that iron chelators and specific ferroptosis in-
hibitors had protective effects in various AKI animal
models.”>”” Based on these reports from the literature and
our observation from ACSL4%"C mice, we hypothesized that
systemic ferroptosis inhibition with the small compound Fer-
1 would protect mice from anti-MPO IgG-induced NCGN.
However, in contrast to our expectation, systemic Fer-1 or
Liprox-1 treatment had no beneficial therapeutic effect.
Kidney damage, myeloid cell infiltration, and lipid peroxi-
dation were similar in treated and untreated mice.

We explored mechanisms explaining the discrepancy be-
tween EC-specific and systemic ferroptosis inhibition. We
studied the effects of pharmacologic ferroptosis inhibition on
immune cells that may counteract the beneficial effect of
endothelial ferroptosis inhibition. For instance, several ob-
servations suggested that the activity and function of CD4™"
helper T cells are regulated by ferroptosis.”® We found that
renal Tyl7 cells were increased in AAV mice systemically
treated with Fer-1. Whereas Fer-1 did affect only CD4™" T-cell
proliferation directly, Fer-1 increased the capacity of ANCA-
activated monocytes to promote CD4" proliferation and
Tyl7 polarization. This finding explains, at least in part, the
lack of protection from NCGN in Fer-1-treated mice because
we and others established that Ty17 cells are important dis-
ease mediators in AAV.””

d

We also found that Fer-1 had a direct immunomodulatory
influence on neutrophils. Indeed, ferroptosis inhibition with
Fer-1 increased the release of NETs, whereas ferroptosis
activation with the RSL3 compound completely inhibited
NET production (data not shown). Thus, a possible crosstalk
between ferroptosis and necroptosis might be involved in
neutrophils with ferroptosis inhibition potentially acceler-
ating necroptosis. Such concept that ferroptosis and nec-
roptosis are not only interconnected but also are alternative to
one another in ischemia/reperfusion-induced AKI has been
recently reported.” This finding may provide an additional
explanation for the lack of renal protection in AAV mice
systemically treated with Fer-1 because some studies showed
previously that NET generation promotes NCGN in AAV.””*
Consequently, our observations raise the possibility that dual
necroptosis/ferroptosis inhibition, rather than ferroptosis
inhibition alone, might represent a promising therapeutic
strategy in AAV. The potential links between ferroptosis and
necroptosis in neutrophils and AAV remain to be confirmed
in additional studies.

Our study has some limitations. Although our study fo-
cuses on EC, we cannot exclude that ferroptosis is not
increased in other renal cells such as glomerular and tubular
cells. Single-cell experiments might be helpful to better define
a ferroptosis signature in different renal cell populations.
Ferroptosis inhibition was tested in a more severe, short-term
AAV model, whereas the protective effects of Acsl4 genetic
deletion in EC was observed in our bone marrow model.
Daily Fer-1 and Liprox-1 i.p. injections represent a burden for
mice and therefore are difficult to apply over several weeks.
Specific oral ferroptosis inhibitors that could be used in the
bone marrow model are currently not available. Finally, it is
not excluded that other compounds interfering with ferrop-
tosis such as iron chelators might represent alternative
strategies.

In conclusion, we have characterized that ANCA-activated
neutrophils induce ferroptosis in EC. ACSL4 genetic deletion
in EC protected mice from the development of NCGN in

.

Figure 7 | (continued) proliferated cells are shown (duplicates from 3 independent experiments). (c) Isolated CD4" T cells from spleens of
C57BI/6) mice were incubated with CD3/CD28 Dynabeads (at a bead/cell ratio of 1:1) in T helper cell (Ty)17 polarization medium for 6 days
and analyzed by flow cytometry. Fer-1 was used to inhibit ferroptosis. Percentages of T417 T cells (interleukin-17A [IL-17A]" interferon-y
[IFNYI) are shown (duplicates from 3 independent experiments). (d) CD4" T cells isolated from spleens of C57BI/6) mice were labeled with
CFSE and incubated with CD3/CD28 Dynabeads (at a bead/cell ratio of 1:2.5) in the presence of the indicated cell-free supernatants (cf-SN)
from monocytes. Monocytes isolated from the bone marrow were primed with tumor necrosis factor-alpha (TNF-a) for 15 minutes and further
stimulated with anti-myeloperoxidase (anti-MPO) IgG for 4 hours. In respective conditions, cells were preincubated with Fer-1 for 30 minutes.
cf-SN from unstimulated monocytes were used as control. All cf-SN were obtained by centrifugation and added at day 0 to CD4" cells (at a
monocyte/CD4" cell ratio of 5:1). After 72 hours in culture, proliferation was assessed by flow cytometry. The corresponding percentages of
proliferated cells are shown (n = 3). (e) Isolated CD4" T cells from spleens of C57BI/6J mice were incubated with CD3/CD28 Dynabeads (at
a bead/cell ratio of 1:1) in T417 polarization medium in the presence of cf-SN from monocytes (at a monocyte/CD4 " cell ratio of 5:1) for 6 days
and analyzed by flow cytometry. cf-SN were added at day 0 and day 3. Percentages of Ty17 T cells (IL-17A*IFNY") are shown (duplicates from 3
independent experiments). (f) Isolated mouse neutrophils were primed with TNF-a for 15 minutes and subsequently stimulated with either
TNF-a alone or anti-MPO IgG for 4 hours. In some conditions, cells were pretreated with Fer-1 for 30 minutes. Viable cells were stained with
SYTOX green to detect NETs by microscopy (original magnification x20). The corresponding statistical analysis of the amount of SYTOX green
positive area (NET-producing neutrophils) expressed as arbitrary unit (AU) from 3 independent experiments with different neutrophil donors is
shown. (g) Cartoon representing the effect of genetic and chemical ferroptosis inhibition on endothelial, myeloid, and T cells in vitro and in vivo.
Error bars indicate means £ SEM. ***P < 0.001. EC, endothelial cell; Unstim, unstimulated. Parts of panel (g) were drawn by using pictures pro-
vided by Servier Medical Art (Servier; https://smart.servier.com), licensed under a Creative Commons Attribution 4.0 Unported License. To opti-
mize viewing of this image, please see the online version of this article at www.kidney-international.org.
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AAV and therefore confirmed an important role of EC fer-
roptosis for the development of NCGN-associated AAV. In
contrast, systemic ferroptosis inhibition with 2 different
compounds did not provide any benefice to mice with AAV.
Therefore, ferroptosis inhibition alone should not be
considered as a potential new therapeutic strategy for AAV
patients.
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