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Temporally harmonized elimination of damaged or unnecessary
organelles and cells is a prerequisite of health. Under Type 2 inflam-
matory conditions, human airway epithelial cells (HAECs) generate
proferroptotic hydroperoxy-arachidonoyl-phosphatidylethanolamines
(HpETE-PEs) as proximate death signals. Production of 15-HpETE-PE de-
pends on activation of 15-lipoxygenase-1 (15LO1) in complex with PE-
binding protein-1 (PEBP1). We hypothesized that cellular membrane
damage induced by these proferroptotic phospholipids triggers com-
pensatory prosurvival pathways, and in particular autophagic path-
ways, to prevent cell elimination through programmed death. We
discovered that PEBP1 is pivotal to driving dynamic interactions with
both proferroptotic 15L01 and the autophagic protein microtubule-
associated light chain-3 (LC3). Further, the 15LO1-PEBP1-generated fer-
roptotic phospholipid, 15-HpETE-PE, promoted LC3l lipidation to stim-
ulate autophagy. This concurrent activation of autophagy protects cells
from ferroptotic death and release of mitochondrial DNA. Similar find-
ings are observed in Type 2 Hi asthma, where high levels of both
15LO1-PEBP1 and LC3-ll are seen in HAEGs, in association with low
bronchoalveolar lavage fluid mitochondrial DNA and more severe
disease. The concomitant activation of ferroptosis and autophagy
by 15LO1-PEBP1 complexes and their hydroperoxy-phospholipids
reveals a pathobiologic pathway relevant to asthma and amenable
to therapeutic targeting.
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armonized epithelial cell communities depend on the

fidelity of their individual members to eliminate metabolic
and/or toxic consequences to individual cells that subsequently
endanger the health of the entire population. Several cell death
programs have been identified as instruments of this sacrificial
behavior, beginning with apoptosis and more recently expanded
into other contextually regulated necrotic platforms (e.g., nec-
roptosis, pyroptosis) (1-3). Ferroptosis—the response to redox
disbalance between the prooxidant enzymatically driven reactions of
lipid peroxidation and their thiol-dependent control by glutathione
(GSH) peroxidases—is a recent addition to these programmed cell
death pathways (4); 15-lipoxygenase (15LO)-initiated peroxidation of
arachidonoyl-phosphatidylethanolamines (AA-PEs) to hydroperoxy-
products distinguishes the characteristic features of ferroptotic cell
demise (5). We discovered that the selectivity and specificity of the
peroxidation reaction are modulated by the complex of 15LO with a
promiscuous protein, PE-binding protein 1 (PEBP1) (6). Generally,
PEBP1 is bound to and acts as an inhibitor of Raf-1 kinase [hence,
its alternate name, Raf-1 kinase inhibitory protein (7)]. However,
in Type 2 immune conditions, dramatically increased expression of
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15LO1 creates conditions whereby PEBP1 avidly binds 15LO1,
changing its catalytic competence from free arachidonic acid (AA)
to AA-PE and specifically initiating the generation of the ferrop-
totic hydroperoxy-phospholipid, 15-hydroperoxyeicosaetetranoic
acid (15-HpETE-PE) (6, 8). While 15LO1-PEBP1 complex for-
mation has been reported ex vivo in asthmatic human airway epi-
thelial cells (HAECs) (6, 8), the consequences of these interactions
to epithelial death, survival, and human disease are less clear.
Because of the irrevocability of cell death, a variety of protective
processes can be triggered to prevent and/or eliminate the “dam-
age” by activating repair mechanisms (1-3, 9). Among them is
autophagy (9-11). For successful autophagy to proceed, the es-
sential autophagy protein, microtubule light chain protein-3 I (LC3-
I), must conjugate with the ferroptosis-linked phospholipid phos-
phatidylethanolamine (PE) to form membrane-bound lipidated
LC3-II (12). Current understanding of the cross-talk between
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autophagy and ferroptotic cell death is controversial. However, the
majority of studies suggest autophagy contributes to enhancement
or even execution of ferroptotic cell death, through pathways in-
cluding ferritinophagy and chaperone-mediated autophagy (13, 14).
However, no specific biochemical links have been identified. In-
terestingly, in addition to complexing with 15LO1 to activate fer-
roptosis, PEBP1 binds LC3-I, suggesting potential biochemical
cross-talk between the pathways at the level of PEBP1, as well as
through PE (15). The consequences of this promiscuous PEBP1
partnering with LC3 to ferroptosis are unknown.

With this background, we hypothesized that 15LO1-PEBP1
interactions play two seemingly opposing, yet complementary
roles: generating 15-HpETE-PE, which can induce ferroptotic
cellular damage and death, while simultaneously inhibiting PEBP1
binding with LC3-I and promoting its subsequent lipidation, which
activates autophagic prosurvival pathways to limit cell destruction.
Using fresh and cultured primary HAECs, we demonstrate that
under Type 2 high interleukin-13 (IL-13) conditions, dynamic in-
teractions of PEBP1 with both LC3 and 15LO1 engage protective
autophagic cell survival in the face of potential ferroptotic dam-
age. These in vitro findings are mirrored ex vivo in asthmatic
lungs, where concordant increases in both 15LO1 (in relation to
PEBP1) and LC3-II associate with greater asthma severity.

Results

LC3-11 Is Induced by 15L01-Dependent Mechanisms in HAECs In Vitro
under IL-13 Stimulation. 15L.O1, elevated in asthmatic HAECs
ex vivo, is induced by IL-13 in vitro, where it forms a complex
with PEBP1 and generates the unstable ferroptosis-inducing
oxidized phospholipid 15-HpETE-PE (6, 16). While the neces-
sity of PEBP1-15LO1 complex for ferroptosis has been pre-
viously documented (6), we additionally confirmed this using
CRISPR-CasP9 knockout (KO) protocol. We found that
PEBP1 KO HT?22 cells demonstrated very high resistance to
RSL3-induced ferroptosis compared with wild-type control cells
(81 Appendix, Fig. S1). Similar to ferroptosis, the autophagic cell
survival pathway also engages membrane phospholipids, partic-
ularly PE, to form new phospholipid membranes, which protect
cells by recycling damaged cell organelles under conditions of
stress. Although multiple proteins are associated with autophagy,
lipidation of microtubule-associated light chain-3 (LC3-I) to form
LC3-II via conjugation with PE is accepted as an essential stage of
autophagosome formation (17). Given the common utilization of
PE by both autophagic and ferroptotic processes, as well as the
reported binding of LC3 with PEBP1, we explored a potential link
between the three proteins, 15LO1, PEBP1, and LC3, as well as the
canonical ferroptotic mediator, 15-HpETE-PE, in primary HAECs
under air-liquid interface (ALI) culture conditions stimulated with
IL-13 (6, 16). Under IL-13 conditions, LC3 messenger RNA
(mRNA) expression was induced in a dose-dependent manner with
optimal expression at 10 ng/mL (Fig. 14), supporting general en-
hancement of de novo synthesis. In addition to this overall increase,
IL-13 stimulation markedly (and disproportionately) increased
lipidated LC3-IL, as detected by western blot, while LC3-I de-
creased (Fig. 1B and SI Appendix, Fig. S24). Supporting wider
autophagy activation, IL-13 also induced p62 expression (SI Ap-
pendix, Fig. S2B). As previously reported, IL-13 induced higher
15LO1 expression without altering PEBP1 (Fig. 1B). Addition of
the autophagosome-progression inhibitor, hydroxychloroquine
(HCQ; 10 pM, overnight), further increased IL-13-induced LC3-I1
and p62, confirming the inhibition of autophagic flux and presence
of autophagy (Fig. 1C and SI Appendix, Fig. S2C).

These data suggest that chronic IL-13 stimulation induces
autophagic flux in HAECs, which under steady-state conditions,
does not lead to “net” p62 destruction (18-23). Given the similar
directionality and general appreciation that LC3 is a central
autophagy biomarker, the remaining studies focused on LC3-I
and -II (17).
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Fig. 1. LC3 and LC3-ll are induced by 15LO1-dependent mechanisms in
HAEGCs in vitro under IL-13 stimulation. (A) IL-13 induced LC3 mRNA expres-
sion in a dose-dependent manner. HAECs under ALl were stimulated with IL-13 1
and 10 ng/mL for 7 d. LC3 mRNA was analyzed by RT-PCR with beta-glucuronidase
(GUSB) as the internal control (*as compared to no-IL-13 control). (B) Represen-
tative western blot showing IL-13-induced LC3-ll protein expression in HAECs
in vitro. HAECs under ALl were stimulated with IL-13 for 7 d. Total cell lysate
protein was collected for western blot analysis. (C) Representative western blot
showing HCQ further increased IL-13-induced LC3-Il. HAECs were all stimulated
with IL-13 for 7 d before treatment with or without HCQ (10 pM, overnight). (D)
15LO1 siRNA (siALOX15) transfection suppressed IL-13-induced LC3-ll protein
expression. HAECs transfected with siALOX15 were all stimulated with IL-13 for 5
d, with scramble siRNA as the negative control. (E) The 15LO1 inhibitor BLX2477
(BLX) suppresses IL-13-induced LC3-Il. HAECs were all stimulated with IL-13 for 7 d
before treatment with BLX2477 (2 pM, overnight), with DMSO as the control.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

To explore the regulation of LC3 expression and/or lipidation by
15LO1 presence or activation, Dicer-substrate short interfering RNAs
(DsiRNA) knockdown of 15LO1 (DsiALOX15) was performed.
DsiALOX15 modestly decreased LC3 mRNA expression (SI Ap-
pendix, Fig. S2D) but robustly decreased lipidated LC3-II following IL-
13 stimulation (Fig. 1D and SI Appendix, Fig. S2E). Confirming these
results, a specific 15LO1 chemical inhibitor BLX2477 (24) also de-
creased LC3-II (Fig. 1E and SI Appendix, Fig. S2F). Together, these
data confirm that 15LO1 promotes both the expression and the lip-
idation of LC3-II under Type 2/IL-13 conditions in vitro. The parallel
decrease seen with the enzyme inhibitor suggests that a 15LO1-
generated mediator is responsible for this effect. Under IL-13 condi-
tions, these are primarily 15-HpETE-PE and its metabolite
15-HETE-PE (6, 25). Given the critical importance of 15L.O1 binding
with PEBP1 to generate 15-HpETE-PE (6) and the recent report of
PEBP1 binding with LC3, we then determined whether PEBP1 served
as a potential intermediary between ferroptosis and autophagy.

Sequestration of LC3 by PEBP1 Prevents Its Lipidation and Subsequent

Activation of Autophagy. PEBP1 is a promiscuous protein known to
bind 15LO1 (6, 8), Raf-1, GRK2 (26), and IkKB (27). It was also
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reported to bind LC3 (15). To determine whether PEBP1, alone
and/or through interactions with 15LO, regulates LC3/autophagy,
we first confirmed the colocalization of PEBP1 with LC3 by dual
object-based colocalization analysis of HAECs using IF/confocal
microscopy in vitro. Mirroring the overall increase in LC3 mRNA
and protein, IL-13 increased the numbers of LC3 puncta colo-
calized with PEBP1 as compared with unstimulated cells (Fig. 24
and SI Appendix, Fig. S34). LC3 and PEBP1 binding with IL-13
stimulation was confirmed by fluorescence resonance energy
transfer (FRET). No/minimal FRET was detected in HCQ-only
control conditions as shown by the low baseline emissions of the
FRET acceptor (cy5, Agm ~ 640 to 700 nm) (Fig. 2 B, Upper and
C, Upper Left), whereas stimulation with IL-13 dramatically in-
creased the acceptor emissions (Fig. 2 B, Lower and C, Lower
Left). FRET was confirmed by acceptor photobleaching and the
unquenching of the donor emissions (cy3, Agm ~ 570 nm). Using
HCQ to maximize detection of autophagosomes in all cells,
quantitation analysis of area under curve showed a significant
increase of FRET induced by IL-13 as compared with HCQ alone
(Fig. 2 C, Right). PEBP1 binding with LC3 was further confirmed
by protein cross-linking with bis-maleimidoethane (BMOE) fol-
lowed by separately detecting LC3 and PEBP1 on two identical
western blot membranes. IL-13 increased a complex at ~40 kDa
identified by both LC3 and PEBP1 antibodies (Fig. 2D). Consis-
tent with the overall increase in LC3 synthesis, IL-13 also in-
creased an LC3 band at about 32 kDa (Fig. 2D), presumably the
full-length precursor pro-LC3 as previously reported (17). How-
ever, this form was not detected by PEBP1 antibody.

Since traditional immunofluorescence (IF)/confocal, FRET,
and cross-link/western blot cannot distinguish between binding
of PEBP1 with lipidated or nonlipidated LC3, coimmunopreci-
pitation (Co-IP) followed by western blot of control and IL-
13-treated HAECs was performed using anti-PEBP1 antibody
(pull down) on total cell lysates. Both the immunoprecipitation
(pull-down fraction) and supernatant (antibody-depleted frac-
tion) were collected for LC3 detection by western blot. As shown
in Fig. 2E, IL-13 increased expression of all forms of LC3
(pro-LC3, LC3-1, and LC3-1I) (input in Fig. 2E), but only LC3-1
coimmunoprecipitated with PEBP1 (pull down in Fig. 2F), while
pro-LC3 and LC3-II were only detectable in the antibody-
depleted supernatant fraction (depletion in Fig. 2E). These re-
sults confirm the previously reported binding of PEBP1 with LC3-
I (15) and further show enhancement of this binding by IL-13, at
least partially due to overall increases in LC3 expression with IL-
13 stimulation. Since the full-length precursor protein pro-LC3
(17) did not interact with PEBP1 in both cross-linking and Co-
IP results, the remaining studies focused on LC3-1 and LC3-II.

To determine whether PEBP1 functionally limits LC3-I lip-
idation (even in the presence of 15LO1), DsiRNA PEBP1
knockdown (siPEBP1) was performed. siPEBP1 increased IL-
13-induced LC3-II as compared with scramble small in-
terfering RNA (siRNA) control, with only modest effects on
LC3-1, consistent with more unbound LC3-I (Fig. 2F and SI
Appendix, Fig. S3B). Thus, under IL-13 conditions (with high
15LO1 and LC3 levels), PEBP1 binding to LC3 still functions to
limit LC3 lipidation. However, the effect is inadequate, and LC3-
II levels, paradoxically, increase. Thus, we next explored the
concurrent interactions of PEBP1 with 15LO1, which could
explain this.

15L01 Outcompetes LC3 for Binding to PEBP1 Promoting Its Lipidation.
Despite this brake of PEBP1 on LC3 lipidation, following IL-13
stimulation (to induce high 15LO1 conditions), lipidated LC3-II
paradoxically increases (Fig. 1 A and B). To initially explore
whether the high LC3-1I observed under 15LO1 conditions is due
to 15LO1 outcompeting LC3-I for binding to PEBP1 (hence re-
ducing its overall inhibitory capacity on LC3 lipidation), a dot blot
with equal amounts of recombinant 15L.O1, PEBP1, or LC3 was
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performed and then probed with mRuby2-PEBP1 protein. Both
15LO1 and LC3 bind with PEBP1 (Fig. 34 and SI Appendix, Fig.
S4A4). Quantification analysis shows there is relative preference for
PEBP1 to interact with 15LO1 over LC3 (SI Appendix, Fig. S4A4).
To confirm this biochemical observation in vitro, HAECs were
simulated with IL-13 for 5 d, and total protein was harvested for
Co-IP to determine binding of 15LO1 and PEBPI, as compared
with LC3 and PEBP1 under IL-13 conditions. IL-13 markedly
increased PEBP1-15L.O1 complex formation as previously
reported (8), when compared with the proportionately smaller
increase in PEBP1-LC3-1 complexes (Fig. 3B). Quantitative IF/
confocal analysis of HAECs stimulated with IL-13 confirmed
more colocalization of PEBP1 with 15LO1 than with LC3 in re-
sponse to IL-13 stimulation (Fig. 3C and SI Appendix, Fig. S4B).

These preferential interactions between PEBP1, 15LO1, and
LC3 were further supported by molecular modeling and simu-
lations, which also showed that 15LO1-PEBP1 complex forma-
tion was favored as compared with PEBP1-LC3 complexes
(Fig. 3D and SI Appendix, Fig. S4C). Intermolecular interactions
in multicomponent systems composed of a randomly positioned
15L.01 molecule, together with two PEBP1 molecules and one
LC3 molecule, were simulated in a solvated (water plus ions)
environment to examine the time evolution of complex forma-
tion between these molecules, if any. Three trajectories of 500 ns
each were generated using the molecular dynamics (MD) sim-
ulation protocol described in Materials and Methods. Hetero-
oligomeric complex formations were observed in two of the runs,
termed MD1 and MD2 (Fig. 3D and SI Appendix, Fig. S4C).
Detailed time evolution of the association and dissociation of
15LO1, PEBP1, and LC3 molecules is presented in SI Appendix,
Fig. S4 C-F. PEBP1 exhibited preferential binding to 15LO1 in
both cases, with both PEBP1 molecules associating with 15LO1
(Fig. 3D and SI Appendix, Fig. S4 C, D, Upper, and E, Upper).
The LC3 molecules in MD1 then associated with a PEBP1
molecule, which was already bound to 15LO1 (Fig. 3D and SI
Appendix, Fig. S4 D, Lower and E, Lower). In the third simulation
(SI Appendix, Fig. S4F), no complexes were observed. These re-
sults demonstrate that with 15LO1 in the vicinity, PEBP1 would
bind 15LO1 at the expense of its potential interaction with LC3.
Both PEBP1-LC3 and PEBP1-15LO1 complexes remained as-
sociated for the remainder of the simulation period, after a
complex was formed (SI Appendix, Fig. S4C).

Since PEBP1 expression does not change with IL-13 (Fig. 1B),
we assumed that the increase in LC3-II is a result from the el-
evated affinity of PEBP1 for 15LO1 and/or higher level of
15LO1 which both enhance the expression of LC3-1 for lip-
idation reaction (6).

Ferroptotic Hydroperoxy-Phospholipids Generated by 15L01-PEBP1
Complexes Induce Compensatory Autophagic Responses. 151.01
binds PEBP1 to generate ferroptotic hypdroperoxy-phospholipids,
including 15-HpETE-PE (6). Previous studies suggested lip-
oxygenase (LOX)-derived oxidized PE-containing phospholipids
could serve as substrates for LC3 lipidation, although ferroptotic
hydroperoxy-PL was not evaluated (28). To investigate whether
“protective” autophagic responses occurred in response to gen-
eration of proferroptotic 15-HpETE-PE in HAEGs, we first in-
vestigated whether increased autophagic activity would be
observed under conditions of glutathione peroxidase 4 (GPX4)
inactivation where 15-HpETE-PE levels are increased. GPX4 is
the only GPX capable of metabolizing 15-HpETE-PE to its inert
metabolite 15-HETE-PE (29, 30). HAECs were stimulated with
IL-13 for 5 d to induce high levels of both 15L.O1 and LC3 before
overnight treatment with the specific GPX4 inhibitor, RSL3;
15-HpETE-PE increased as expected following RSL3 treatment of
IL-13-stimulated HAECs (Fig. 44). With RSL3/GPX4 inhibition
and in the presence of high 15-HpETE-PE, LC3-II levels in-
creased further as compared with dimethyl sulfoxide (DMSO)
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Fig. 2. Sequestration of LC3 by PEBP1 prevents its lipidation and subsequent activation of autophagy. HAECs were stimulated with/without IL-13 for 7 d, and
IF/confocal microscopy and object-based localization were performed. (A) Representative images of object-based colocalization showing IL-13 increased total
number of LC3 puncta colocalized with PEBP1 as compared with unstimulated cells. Red, PEBP1; green, LC3; yellow, PEBP1/LC3 colocalization. (B and C) FRET
showing IL-13-induced PEBP1-LC3 interactions. HAECs were stimulated with IL-13 for 7 d. Cells were then treated overnight with or without HCQ (10 pM).
Images were collected at 60x (14 NA) on a Nikon A1 equipped with a spectral detector. Scale bar, 10 microns. Images are colored based on the wavelength of
the peak emissions for each pixel of the image, following the selective excitation of the donor fluorophore (cy3, 540 nm). Green pixels represent the emissions
of the donor, and red pixels represent the emissions from the acceptor (cy5) and are indicative of FRET. The absence of red pixels in the untreated samples
suggests that minimal FRET occurred, whereas the strong emission from the acceptor in the IL-13-treated samples supports the presence of FRET (and thereby,
interaction of PEBP1 and LC3), which was confirmed by acceptor photobleaching within the white boxed region, and the unquenching of the donor emissions
(the appearance of green pixels). (D) Cross-linking of total protein with BMOE showing IL-13 increased PEBP1-LC3 complex formation. Total cell lysate protein
was incubated with BMOE (0.2 mM) for 2 h at 4 °C, and the reaction was stopped by directly boiling in 2x SDS-DTT sample buffer. Samples were divided and
loaded onto two identical SDS/PAGE gels for western blot for LC3 and PEBP1, respectively. (E) Co-IP/WB showing IL-13-induced PEBP1 binding with LC3-I but
not with pro-LC3 and LC3-Il. (F) siPEBP1 transfection increased IL-13-induced LC3-II protein levels. HAECs transfected with siPEBP1 were all stimulated with IL-
13 for 5 d, with scramble siRNA as the negative control. NA, numerical aperture; AUC, area under curve; CTL, control; SDS, sodium dodecyl sulfate; DTT,
dithiothreitol; PAGE, polyacrylamide gel electrophoresis; MK, maker; IP, immunoprecipitation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; WB,
western blot.

control (sufficient GPX4) conditions, while LC3-I levels were
minimally impacted (Fig. 4B and SI Appendix, Fig. S54). These
effects were confirmed by GPX4 knockdown (DsiGPX4 for 5 d),
which similarly increased LC3-II expression under IL-13 condi-
tions, while minimally deceasing LC3-I (Fig. 4C and SI Appendix,
Fig. S5B). To determine whether increases in LC3-1I after GPX4
inhibition were directly induced by increased 15-HpETE-PE, ex-
ogenous 15-HpETE-PE was added to cultured HAECs in the
absence of IL-13 (hence no 15LO1), as well as in the presence of
DsiGPX4 knockdown to prevent its further metabolism. LC3-11
increased as early as 30 min postaddition of exogenous
15-HpETE-PE, further increasing up to 2 h (Fig. 4D and SI Ap-
pendix, Fig. S5C). No significant changes in 15L.O1 or GPX4 were
observed. Overall, these data show that 15-HpETE-PE is not only
capable of inducing ferroptosis but concomitantly of stimulating
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lipidation of LC3 to initiate cell-protective autophagy. Supporting
these LC3-II increases, p62 was also enhanced by both RSL3 and
erastin treatment (SI Appendix, Fig. S5 D and E).

15L01-PEBP1 Complex-Driven LC3-lIl Generation Limits Ferroptotic
Cell Death and Extracellular Mitochondria Release. To determine
whether the increased LC3-II generation, which occurs concur-
rently with 15LO1-PEBP1-induced generation of ferroptotic
hydroperoxy phospholipids, limits overall ferroptotic cellular
damage, siRNA knockdown (KD) of LC3 (DsiLC3) was per-
formed in the presence and absence of traditional RSL3-induced
ferroptosis and ferrostatin (FER-1) rescue (31). Lactate de-
hydrogenase (LDH) release, as a measure of ferroptotic cell
death, was compared between DsiLC3 KD and scramble control.
IL-13 alone did not induce cell death as indicated by low LDH
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dehydrogenase.

release (Fig. 54, DMSO condition). However, inhibition of
GPX4 by RSL3 triggered significant LDH release as compared
with DMSO control, which was rescued by FER-1 (Fig. 54). A
protective effect of LC3 was confirmed as DsiLC3 KD signifi-
cantly enhanced LDH release induced by RSL3 (Fig. 54). To
confirm these results, ferroptotic cell death was further induced
by erastin stimulation, which lowers intracellular GSH levels to
reduce GPX4 activity. Similar to RSL3, LC3 KD enhanced LDH
release induced by erastin (SI Appendix, Fig. S64). Each of these
increases in LDH was prevented by FER-1, supporting ferrop-
totic cell death. Similarly, HCQ and PEBP1 KD, previously shown
to increase LC3-II expression (Figs. 1C and 2F), also decreased
RLS3-induced LDH release (Fig. 5 B and C). To further confirm a
protective effect, the human bronchial epithelial cell line was used.
Unlike primary HAECs, these cells require serum for survival and
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proliferation. In contrast to LC3 KD, serum starvation [which
induces autophagy (32, 33)] decreased erastin-induced cell death
as measured by propidium iodide staining using flow cytometry, as
an alternative measurement of cell death (6) (SI Appendix, Fig.
S6B). These results strongly confirm a protective role of LC3-1I in
ferroptotic cell death.

It is conceivable that the known release of Raf-1 from PEBP1
in the presence of 15LO1 and subsequent activation of extra-
cellular signal-regulated kinase (ERK) could also drive cell
death and/or autophagic survival. To investigate this, we con-
firmed that PEBP1 KD [previously reported to decrease cell
death (6)] was associated with increased phospho-ERK (S7 Ap-
pendix, Fig. S6C). We then further determined that the ERK
inhibitor, PD89059, had no effect on RSL3-induced cell death,
as shown by flow cytometry using propidium iodide staining and
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establishing that PD89059 did not act as a ferroptosis inhibitor
(SI Appendix, Fig. S6 D and E). Similarly, PD89059 was in-
effective in changing RSL3-induced ferroptotic response when
PEBP1 was pharmacologically dissociated from Raf-1 by Sor-
afenib (SI Appendix, Fig. S6 D-F).

The mechanisms by which ferroptosis causes cell death are
unclear, with little data to suggest disruption of nuclear mem-
branes. However, intracellular membranes and organelles, in-
cluding endoplasmic reticulum and mitochondrial membranes,
may be affected as numerous studies report mitochondrial damage
in cells undergoing ferroptosis (34, 35). Any insult that sufficiently
damages the inner and the outer mitochondrial membranes could
lead to extracellular release of mitochondrial DNA (MtDNA)
(36). To determine whether ferroptotic death also increases ex-
tracellular MtDNA, extracellular double-stranded DNA (dsDNA)
and specific MtDNA (MT-ND1) were measured following in-
duction of ferroptosis in HAECs by RSL3. Similar to LDH re-
lease, RSL3 treatment increased extracellular dsSDNA (measured
by Picogreen dsDNA assay; Invitrogen) (Fig. 5D) and MtDNA
(measured by PCR) (Fig. 5E) as compared with DMSO baseline
and consistent with mitochondrial damage. Mirroring the effect on
cell death/LDH, DsiLC3 KD significantly enhanced RSL3-
induced extracellular dsDNA (Fig. 5D) and MtDNA (Fig. 5E)
as compared with scramble control, with each rescued by FER-1.
Release of extracellular histone-associated (nuclear) DNA
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fragments [measured by Cell death Detection ELISA; Sigma-
Aldrich (37)] did not differ between conditions (SI Appendix,
Fig. S6G), confirming the specific release of MtDNA in the setting
of ferroptotic death.

Elevated 15L01 in Relation to PEBP1 Associates with High LC3-Il in
T2-High Severe Asthmatic HAECs and Low Bronchoalveolar Lavage
Fluid MtDNA. 15L.01 complexes with PEBP1 in freshly brushed
asthmatic HAECs, with more complexes observed in association
with biomarkers of Type 2 inflammation (6). This binding pro-
motes the generation of the ferroptotic mediator, 15-HpETE-PE.
Thus, the abundance of 15L.01 relative to PEBP1 (as indicated by
the ratio of 15LO1 to PEBP1) was determined in freshly brushed
asthmatic HAECs by western blot and compared with healthy
controls (HCs) (SI Appendix, Table S1 shows subject demo-
graphics). As expected, 15LO1 was elevated in asthmatic HAECs
(Fig. 64), while PEBP1 varied minimally across subject groups
(Fig. 64 and SI Appendix, Fig. S7 A and B). The ratio of 15LO1 to
PEBP1 was also higher in asthma (Fig. 6B), higher with increasing
severity, and associated with higher levels of the Type 2 biomarker
FeNO (Fig. 6C).

As our in vitro data suggested that 15LO1-PEBP1-mediated
ferroptosis simultaneously induced compensatory autophagic
responses, the levels of LC3-I and -II ex vivo were similarly de-
termined by western blot. While both LC3-1 and LC3-II were
detectable (Fig. 64), LC3-II was higher in asthmatic HAECs as
compared with HCs, associating with greater disease severity
(Fig. 6D), higher FeNO (Fig. 6E), and higher 15L.O1 to PEBP1
ratios in HAECs (Fig. 6F). These results mirror the in vitro
findings reflecting an environment conducive to both ferroptotic
mediator generation and autophagic/mitophagic survival.

Since our in vitro results confirm that 15L.O1-induced auto-
phagy/mitophagy limits ferroptotic release of MtDNA, dsDNA
and MtDNA levels in bronchoalveolar lavage (BAL) fluid were
also measured. Low levels of dsDNA were detected in BAL
fluid, which did not differ across groups or by FeNO (SI Ap-
pendix, Fig. S7 C and D). In contrast, abundant MtDNA was
detected in HC BAL fluid, which was significantly higher than
BAL fluid levels in asthmatic and particularly severe asthmatic
patients (Fig. 6G). Moreover, MtDNA negatively associated with
FeNO and 15LO1 to PEBP1 ratios (Fig. 6 H and ). Similar to
in vitro IL-13 conditions, higher HAEC LC3-II levels associated
with lower BAL fluid MtDNA (Fig. 6J), consistent with con-
comitant autophagic/mitophagy effects to limit MtDNA release
(36). These data suggest asthmatic epithelial cells exist in a state
of unhealthy balance between autophagic survival and ferrop-
tosis, which could contribute to asthma and its severity.

Discussion

Effective aerobic life and catalysis are maintained by myriads of
well-coordinated metabolic reactions occurring in perilous en-
vironments. Inevitably, this leads to accumulation of aberrant
toxic products. Coping with these “life-threatening” issues is a
special task fulfilled by a number of elimination catabolic pro-
cesses, including autophagy. Although autophagy has been
linked to a specific form of cell death (autophagic cell death), it
primarily serves to eliminate damaged proteins and organelles to
prevent cell death under stressed conditions. Despite this, pre-
vious studies suggested that activation of autophagy during fer-
roptosis promoted cell death, rather than prevented it (13, 38,
39). In contrast, data presented here identify autophagy as an
antagonist of ferroptosis under Type 2/IL-13 conditions through
complex interplay between three proteins, 15LO1, PEBP1, and
LC3, and one hydroperoxy-phospholipid 15-HpETE-PE. The
promiscuous scaffold protein PEBP1 can both inhibit autophagy
by sequestering LC3 and promote ferroptotic mediator generation
(15-HpETE-PE) when bound to 15LO1. However, under high
15LO1 conditions, the enzyme outcompetes LC3-I and binds to
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PEBP1, thus facilitating the generation of both the ferroptotic
signal, 15-HpETE-PE, and lipidation of the autophagic LC3-I to
LC3-II. Rather than worsening ferroptiotic cell death, or in-
creasing a cell’s susceptibility to it, this increase in LC3-II/auto-
phagy serves to protect the cell (and perhaps its mitochondria)
from ferroptotic cell death.

Although generation of ferroptotic phospholipids drives an
efficient form of oxidatively induced cell death, cells have de-
veloped protective mechanisms that promote survival rather than
death. GPX4 is considered the penultimate inhibitor of ferrop-
totic death when it metabolizes 15-HpETE-PE to its neutral
alcohol, 15-HETE-PE (40, 41). Recently, GPX4-independent
protective pathways against ferroptosis have been identified. A
ferroptosis suppressor protein-1 has been shown to recycle Co-
enzyme Q10 (CoQ10) back to its reduced state and prevent the
accumulation of phospholipid hydroperoxides (42, 43).

In contrast to these molecular/biochemical inhibitors of fer-
roptosis, and even unexpectedly, previous studies suggested
autophagy does not inhibit but rather enhances ferroptosis.
Ferritinophagy, or the sequestration of ferritin by specific auto-
phagic processes, lowers intracellular levels of the iron-binding
protein ferritin, increasing intracellular iron levels and enhancing
ferroptosis (44). Ferroptosis was also suggested to be promoted
by loss of GPX4 through chaperone-mediated autophagy (13).
Finally, the autophagic protein beclin—1 was shown to inhibit the
cystine transporter System X. (SLC7A11/SLC3A2) (45). This
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inhibition then lowers intracellular GSH, which induces ferrop-
tosis. Thus, in contrast to its primary prosurvival function, auto-
phagy has been viewed as a proferroptotic/procell death pathway.

There is emerging understanding of central molecular mech-
anisms engaged by cells to determine which particular death or
survival pathway to execute. Caspase-8 is increasingly recognized
as such a molecule, which both initiates apoptosis and inhibits
necroptosis (46, 47). Thus, the previous report that PEBP1, the
protein critical to generation of ferroptotic lipids by LOXs, also
bound (and sequestered) the quintessential autophagic protein
LC3 (15) suggests novel mechanisms by which ferroptosis and
autophagy might intersect. Our observations of concurrent fer-
roptotic mediator generation and autophagic activity in IL-13
stimulated HAECs further supported PEBP1 as a likely candi-
date for regulation of the interactions.

While the autophagy-related (ATG) pathway is considered the
canonical pathway to generate autophagic membranes, many
additional proteins have now been identified, including PEBP1
through its hypothesized inhibition of LC3 lipidation (15, 48).
The data presented here expand on this report by showing in-
tracellular binding of nonlipidated LC3-1 to PEBP1 using co-IP,
immunofluorescence, and finally, FRET. Despite this, IL-13
even more dramatically up-regulates 15LO1, which then out-
competes LC3 for PEBP1 binding, preventing it from being se-
questered and promoting its availability for lipidation and activation
of autophagy. Supportively, computer modeling and biochemical
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in HAECs ex vivo.

studies both show preferential avidity of PEBP1 for 15L.O1 com-
pared with LC3. Thus, binding of 15LO1 to PEBP1 overwhelms the
inhibitory effect of PEBP1 on autophagy, increasing overall LC3
expression and freeing LC3 for lipidation under conditions of
proferroptotic 15-HpETE-PE generation.

Execution of autophagy requires the lipidation of LC3
(ATGS), traditionally through the formation of a covalent bond
with PE. This lipidation process is highly sensitive to membrane
curvature and is strongly enhanced if the membrane bilayer
contains lipid packing defects caused by cone-shaped lipids such
as PE (49). Given that oxidatively modified lipids can also dis-
rupt the bilayer organization (50), it is conceivable that oxidized
PE species (15-HpETE-PE, 15-HETE-PE) may facilitate the
LC3 lipidation process (28). Our results favor the involvement of
HpETE-PE—generated by the 15LO1-PEBP1 complex and ac-
cumulating further with GPX4/GSH deficiency—in the LC3 lip-
idation process. This may be due to the conversion of HpETE-PE
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into oxidatively truncated species with a higher bilayer-destabilizing
capacity (50) as well as their potent electrophilicity and covalent
attack on the nucleophilic LC3 sites. Thus, the same hydroperoxy-
phospholipid, which induces cell death (15-HpETE-PE), could si-
multaneously promote autophagic self-survival by serving as the
phospholipid donor for LC3. Interestingly, similar to LC3-II, IL-13
also induces p62 expression in HAECs, which is further enhanced
by HCQ. This suggests that rather than degradation of p62 when
LC3-1 is lipidated to LC3-II as seen in classic autophagy (18), p62
increases as LC3-II increases under IL-13 stimulation. These data
suggest that chronic IL-13 simulation of HAECs promotes contin-
uous expression and parallel degradation of p62 leading to an
autophagic equilibrium. In fact, multiple studies have observed
similar parallel increases (20-23).

None of these findings determine whether concurrent activa-
tion of autophagy enhances or protects from ferroptotic death.
After GPX4 is inhibited (by RSL3), a significant increase in
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LDH release occurs (indicative of cell death), which is fully
rescued by FER-1. In the presence of LC3 KD, the release of
LDH was significantly greater than scramble control, supporting
a protective effect of LC3 in this setting. Given this protective
effect of autophagy in this system, and the described impact of
ferroptosis on mitochondria (34, 35), we then asked whether the
protective effect of autophagy might be through an effect on
mitophagy. Consistent with an effect on both inner and outer
mitochondrial membranes, extracellular MtDNA increased un-
der proferroptotic (RSL3) conditions and was rescued by FER-1.
This is also in line with earlier reports of the presence of 15LO1
in the outer leaflet of mitochondrial membranes (51, 52). LC3
KD significantly increased extracellular MtDNA levels, consis-
tent with a protective effect of LC3. These results suggest that
mitophagy may be the pathway by which LC3 is protecting cells
from ferroptotic cell death.

Importantly, these in vitro findings are recapitulated ex vivo.
Increases in LC3-II are observed ex vivo in fresh asthmatic
HAECGs, corresponding with increased 15LO1 expression and
more severe but currently stable T2-Hi asthma. We speculate
this combination of high 15L.0O1 and LC3-II observed in severe
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