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Significance

The obligate intracellular 
bacterial pathogen, Coxiella 
burnetii, is the causative agent of 
the zoonotic infection termed Q 
fever. Agricultural outbreaks are 
an increasingly significant 
economic and public health 
burden, and understanding key 
features of C. burnetii 
pathogenesis will support the 
discovery of important targets 
for future interventions. 
Significantly, our study has found 
that a C. burnetii effector protein, 
MceF (Mitochondrial Coxiella 
effector protein F), regulates the 
location of the host protein, GPX4 
(Glutathione Peroxidase 4), to 
protect the host cell from 
reactive oxygen species–induced 
cell death. Our findings provide 
insight into the host–pathogen 
interactions and demonstrate the 
utility of studying C. burnetii as a 
way to gain insight into the 
programmed cell death of 
human cells.

Author contributions: R.K.L., D.R.T., Y.W.L., G.H.G., D.S.Z., 
and H.J.N. designed research; R.K.L., D.R.T., W.A., Y.W.L., 
L.L.S., D.P.A.M., T.M.S., J.C., L.F.F., L.L., L.E.B., N.E.S., and 
H.J.N. performed research; R.K.L., G.H.G., D.S., D.S.Z., and 
H.J.N. contributed new reagents/analytic tools; R.K.L., 
D.R.T., L.E.B., D.S., N.E.S., D.S.Z., and H.J.N. analyzed data; 
and R.K.L., D.S.Z., and H.J.N. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS. 
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email: 
dszamboni@fmrp.usp.br or hayley.newton@monash.
edu.

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.​
2308752120/-/DCSupplemental.

Published August 28, 2023.

MICROBIOLOGY
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The causative agent of human Q fever, Coxiella burnetii, is highly adapted to infect 
alveolar macrophages by inhibiting a range of host responses to infection. Despite the 
clinical and biological importance of this pathogen, the challenges related to genetic 
manipulation of both C. burnetii and macrophages have limited our knowledge of 
the mechanisms by which C. burnetii subverts macrophages functions. Here, we used 
the related bacterium Legionella pneumophila to perform a comprehensive screen 
of C. burnetii effectors that interfere with innate immune responses and host death 
using the greater wax moth Galleria mellonella and mouse bone marrow–derived 
macrophages. We identified MceF (Mitochondrial Coxiella effector protein F), a  
C. burnetii effector protein that localizes to mitochondria and contributes to host 
cell survival. MceF was shown to enhance mitochondrial function, delay mem-
brane damage, and decrease mitochondrial ROS production induced by rotenone. 
Mechanistically, MceF recruits the host antioxidant protein Glutathione Peroxidase 4 
(GPX4) to the mitochondria. The protective functions of MceF were absent in primary 
macrophages lacking GPX4, while overexpression of MceF in human cells protected 
against oxidative stress–induced cell death. C. burnetii lacking MceF was replica-
tion competent in mammalian cells but induced higher mortality in G. mellonella, 
indicating that MceF modulates the host response to infection. This study reveals an 
important C. burnetii strategy to subvert macrophage cell death and host immunity 
and demonstrates that modulation of the host antioxidant system is a viable strategy 
to promote the success of intracellular bacteria.

Coxiella burnetii | GPX4 | oxidative stress | Legionella pneumophila | Dot/Icm effector

Intracellular bacterial pathogens require a viable host cell for replication. As a result, pro-
grammed cell death is a common defense outcome of mammalian pathogen-sensing path-
ways. Metazoan-adapted intracellular pathogens, such as the zoonotic pathogen Coxiella 
burnetii, have developed strategies to block host cell death allowing the bacteria to replicate 
to large numbers while minimizing the inflammatory response to infection (1). In com-
parison, closely related accidental human pathogens, such as Legionella pneumophila, induce 
inflammatory host cell death leading to their rapid clearance (2).

C. burnetii is a gram-negative, obligate intracellular pathogen and the causative agent 
of human Q fever (3–6). During infection, C. burnetii has a natural tropism for alveolar 
macrophages where it establishes a unique intravacuolar replicative niche termed the 
Coxiella-containing vacuole (CCV). Phagocytosed C. burnetii are trafficked through the 
endocytic pathway to form the mature CCV, which has many hallmarks of a phagolys-
osome. An essential virulence factor of C. burnetii is the defective in organelle trafficking/
intracellular multiplication (Dot/Icm) type 4B secretion system (T4BSS) which delivers 
proteins (termed effectors) across the bacterial and vacuole membranes into the host 
cell. Collectively, these effectors modulate host cell activity to facilitate C. burnetii rep-
lication and perturb host immune recognition (7). In the absence of a functional Dot/
Icm T4BSS, C. burnetii is incapable of intracellular replication (8, 9). Approximately 
130 C. burnetii T4BSS effectors have now been identified, and recent studies have 
demonstrated that many effectors make important contributions to the intracellular 
success of this pathogen (10).

L. pneumophila uses a functionally analogous Dot/Icm T4BSS to deliver over 300 novel 
effectors that allow the pathogen to avoid lysosomal fusion and establish the replicative 
Legionella-containing vacuole (11, 12). The ease with which L. pneumophila can be genetically 
manipulated has allowed this pathogen to serve as a surrogate system through which  
C. burnetii effector translocation can be verified (9, 11, 13–17). In addition, as L. pneumo-
phila strongly activates the innate immune system, it provides a relevant biological tool within 
which to examine the impact of individual C. burnetii effectors on these processes (4).D
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Intracellular replication of C. burnetii is relatively slow, with an 
infectious cycle taking approximately 6 d. It is therefore imperative 
for C. burnetii to dampen the host response to infection, particularly 
programmed cell death, to maintain its replicative niche (18, 19).  
Several studies have demonstrated that C. burnetii infection results 
in efficient prevention of multiple types of host cell death. C. 
burnetii induces pro-survival pathways, such as extracellular 
signal-regulated kinase 1/2, Akt (a serine/threonine-specific pro-
tein kinase), and PKA (cAMP-dependent protein kinase) to upreg-
ulate antiapoptotic responses upon infection (20, 21). Multiple 
T4BSS effectors have been implicated in this antiapoptotic phe-
notype including AnkG, CaeA, and CaeB, which are all able to 
inhibit intrinsic host cell apoptosis when ectopically expressed in 
mammalian cells (19, 22–24). A recent investigation demon-
strated that C. burnetii also employs the host membrane repair 
machinery (Endosomal Sorting Complex Required for Transport, 
ESCRT) to repair CCV membrane damage and subsequently 
avoid lysosome-dependent cell death (25). Finally, by monitoring 
caspase-1 activation by L. pneumophila expressing C. burnetii 
effectors, we previously found that the T4BSS effector IcaA inhib-
its the noncanonical activation of NLRP3 and subsequent pyrop-
tosis (4).

In this study, the ability of 62 C. burnetii T4BSS effectors to 
influence the host response to L. pneumophila infection was exam-
ined both in vitro, with the measure of bone-marrow-derived 
macrophage (BMDM) cell death, and in vivo, using the greater 
wax moth Galleria mellonella and mouse infection models. We 
identified and validated 15 effectors that increase or decrease G. 
mellonella survival, demonstrating that multiple C. burnetii effec-
tors can influence the interaction between L. pneumophila and 
eukaryotic host cells. The most striking phenotypes were obtained 
with L. pneumophila expressing CBU1543, which decreased G. 
mellonella death and inhibited macrophage cell death. We deter-
mined that CBU1543 encodes a mitochondrial effector, named 
Mitochondrial Coxiella effector protein F (MceF), that co-opts 
Glutathione Peroxidase 4 (GPX4) to mitochondria where it can 
aid in protection from reactive oxygen species–induced cell death. 
MceF contributes to the ability of C. burnetii to maintain host cell 
viability, and this study introduces GPX4 as a critical host com-
ponent in the success of intracellular bacterial pathogens.

Results
C. burnetii T4BSS Effector CBU1543 Impacts L. pneumophila 
Infection Success In Vitro and In Vivo. As an accidental pathogen, 
L. pneumophila is rapidly detected by infected mammalian cells 
leading to inflammatory host cell death. We employed this trait 
as a powerful and physiologically relevant model to identify C. 
burnetii effectors with the capacity to block this host cell response 
to infection. L. pneumophila JR32 ΔflaA was transformed with the 
expression plasmid pJB-CAT:3xFLAG to constitutively express 
individual C. burnetii T4BSS effectors. Seventy strains were 
engineered with 62 unique effectors and 4 effectors from both 
the RSA439 strain and another isolate that encodes a full-length 
version of the RSA439 pseudogene. Following confirmation 
that the 3xFLAG-tagged C. burnetii effectors were expressed, L. 
pneumophila strains were used to infect G. mellonella larvae. This 
inexpensive and rapid in vivo model allowed the evaluation of 
virulence with a simple survival readout (26–29). The P values 
comparing survival of G. mellonella infected with L. pneumophila 
pJB-CAT:3xFLAG [empty vector (EV)] compared to L. 
pneumophila expressing each C. burnetii effector are represented 
in Fig. 1A. Our initial screening identified 25 candidates (Fig. 1A) 
that were further validated and resulted in 15 effectors able to 

modulate G. mellonella survival (Fig.  1B). Only one effector 
(CBUK1907, full-length version of RSA439 AnkB) increased G. 
mellonella death, eliminating all the larvae in a shorter period 
(72 h) than the control (168 h) (Fig. 1 A and B, blue circle). In 
contrast, 14 effectors reproducibly induced increased survival, or 
delayed death, of the infected larvae (Fig. 1 A and B, red circles). 
Strikingly, this included CBUK1976 and CBUD0462 but not 
their truncated RSA439 homologues CBU0080 and CBU1524, 
respectively, providing insight into the effector-mediated 
virulence differences between C. burnetii isolates. Expression 
of 3xFLAGCBU1543 led to consistently high survival rates of 
G. mellonella with 50% of infected G. mellonella still alive 10 
d postinfection, compared to only 10% with the EV (Fig. 1C). 
CBU1543 was confirmed as a C. burnetii Dot/Icm effector 
using the BlaM reporter assay (SI Appendix, Fig. S1 A and B).  
CBU1543 translocation was significantly less than another 
mitochondrial effector, MceA; however, a significant increase in 
signal was observed with addition of MnCl2 (30) (SI Appendix, 
Fig. S1A). This is consistent with mitochondrial pores enhancing 
CCF2-AM access to CBU1543 in the mitochondrial matrix, but 
providing no benefit to MceA, which is easily accessible on the 
mitochondrial outer membrane (OM) (31).

To examine the cellular response to infection with L. pneumophila 
expressing 3xFLAGCBU1543, BMDMs from C57BL/6 mice were 
infected with L. pneumophila JR32 ΔflaA pJB-CAT:3xFLAG-1543. 
Previous studies have shown that wild-type L. pneumophila activates 
the canonical inflammasomes (NLRP3, NAIP/NLRC4, and AIM2 
inflammasomes) as well as the noncanonical inflammasome initi-
ated by inflammatory caspases such as caspase 11, in mice (2). L. 
pneumophila lacking flagellin does not activate NAIP/NLRC4 path-
ways but still triggers the noncanonical NLRP3 inflammasome and 
triggers other forms of cell death (4, 32). Macrophage activity was 
monitored by quantifying IL-1β and noninflammasome-related 
cytokines, IL-6 and IL-12, in cell culture supernatants. Expression 
of 3xFLAGCBU1543 led to increased cellular release of IL-1β 
(Fig. 1D) and IL-6 but not IL-12 (Fig. 1 E and F). The increased 
production of IL-1β and IL-6 likely reflects the increased 
macrophage activity in the presence of MceF. Using both, LDH 
release 4 h postinfection (Fig. 1G) and monitoring membrane 
damage, via propidium iodide (PI) permeabilization, throughout 
infection (Fig. 1H), 3xFLAGCBU1543 was shown to provide host 
cell death protection with less BMDM death than L. pneumophila 
carrying the EV or expressing an unrelated C. burnetii effector 
(3xFLAGCig57).

To investigate whether this host cell death prevention would 
positively contribute to bacterial intracellular replication, BMDMs 
and C57BL/6 mice were infected with L. pneumophila JR32 ΔflaA 
EV or expressing 3xFLAGCBU1543, and colony-forming units (CFU) 
were quantified at the indicated time points. No differences in bac-
terial replication in macrophages or mice were observed (Fig. 1 I 
and J). This indicates that CBU1543 does not provide a significant 
advantage for intracellular replication of L. pneumophila in mice.

CBU1543 (MceF) Associates with the Mitochondrial Inner 
Membrane and Modulates mROS (Mitochondrial ROS) Production 
Induced by Rotenone. To further elucidate the role of CBU1543, 
the localization of ectopically expressed 3xFLAGCBU1543 was 
examined in HeLa CCL2 cells. 3xFLAGCBU1543 demonstrated 
colocalization with host mitochondria (Fig. 2A). Given this distinct 
subcellular localization and following previous identification of 
mitochondrially localized C. burnetii effectors (31, 33), CBU1543 
was subsequently renamed MceF.

HeLa cells were engineered to express 3xFLAGMceF under the 
control of a doxycycline-inducible promoter. Isolated mitochondria D
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from the 3xFLAGMceF-expressing cell line showed mitochondrial 
recruitment of 3xFLAGMceF even after just 2 h of doxycycline induc-
tion (Fig. 2B). This was also observed after 24 h of 3xFLAGMceF 
expression, and both induction times were used for further exper-
iments. The submitochondrial localization of 3xFLAGMceF was 

examined using both hypo-osmotic swelling and carbonate extrac-
tion. 3xFLAGMceF was present in isolated mitochondria, and the 
3xFLAG tag only became completely accessible to external protease 
(PK) when the inner membrane was disrupted (Fig. 2C, lane 6), 
indicating that the N terminus of the protein is partially protected 

Fig. 1. CBU1543 perturbs L. pneumophila virulence in G. mellonella and modulates BMDM cell death. (A and B) Representative P values of survival curves for 
G. mellonella following infection with 105 L. pneumophila JR32 ΔflaA carrying pJB-CAT:3xFLAG (EV) compared to L. pneumophila JR32 ΔflaA individually expressing 
C. burnetii effectors. Results are shown as a representative of one (A) and two (B) independent biological replicates with 10 larvae per condition. P value > 0.05 
represented by black circles, P value < 0.05 represented by blue circles = increased G. mellonella death, and red circles = decreased G. mellonella death, based 
on survival curve log-rank (Mantel-Cox) test. Some C. burnetii NMII RSA439 putative effector pseudogenes were evaluated using the “full length” homologs from 
other C. burnetii strains (“D” – Dugway; “G” - G Q212; “K” - K Q154). (C) The survival curve indicates viable G. mellonella larvae every 12 h postinfection with the 
indicated strains of L. pneumophila JR32 ΔflaA. The curve represents the averages of the results of three independent experiments (P value Mantel-Cox test of 
EV compared to CBU1543). (D–I) BMDMs from wild-type mice (C57BL/6) were not infected (Ni) or infected with L. pneumophila JR32 ΔflaA EV (control), effector 
control (expressing 3xFLAGCig57), or expressing 3xFLAGCBU1543 (red) at an MOI 10 for 9 h or as indicated. (D) IL-1β production, (E) IL-6 production, and (F) IL-12 
production in infected BMDMs determined by ELISA. (G) Percentage of LDH release normalized to Triton X-100 treated cells. Bars represent the averages of the 
results of three independent experiments, and error bars are SD. Statistical analyses were performed by one-way ANOVA with the multiple comparison test of 
Bonferroni. (H) Pore membrane formation was fluorometrically assessed by propidium iodide (PI) uptake (RFUs, relative fluorescence units). (I) BMDMs were 
infected with the indicated L. pneumophila JR32 ΔflaA strains at an MOI 0.015, and bacterial replication was quantified by CFU of each well over 4 d postinfection. 
Curves represent the averages of four independent experiments, and error bars are SD. Statistical analyses were performed by two-way ANOVA with the multiple 
comparison test of Bonferroni. (J) C57BL/6 mice were infected intranasally with L. pneumophila JR32 ΔflaA strains at a dose of 105 bacteria/mouse. The mice were 
euthanized at 4, 48, or 96 h postinfection. Dilutions of the lung homogenates were added to BCYE agar plates for CFU determination. Each dot represents a single 
animal, and the horizontal lines represent the averages. When the P value was considered statistically significant (P < 0.05), its value was stated in the figure.
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inside the matrix (Fig. 2C, compare lanes 1-5). The OM protein 
Mfn2, the inner membrane protein Tim29 (large C terminus 
exposed to the intermembrane space, 34), and the matrix-located 
protein NDUFAF2 served as controls for mitochondrial fraction-
ation. 3xFLAGMceF was present in both the soluble and insoluble 
fractions after carbonate treatment of isolated mitochondria. This 
localization is similar to the partially membrane-integrated matrix 

protein NDUFAF2, indicating that MceF is a partial membrane 
protein (Fig. 2D). Taken together, these data indicate that MceF 
is associated with the mitochondrial inner membrane.

Due to the observed cell death reduction in BMDMs infected 
with L. pneumophila JR32 ΔflaA 3xFLAGMceF (Fig. 1 G and H) 
and the mitochondrial localization of this effector (Fig. 2 A–D), 
we hypothesized that MceF may block cell death signaling at 

Fig. 2. Mitochondrial localization of 3xFLAGCBU1543 (MceF) and its impact on cell death pathways and mitochondria metabolism. (A) HeLa CCL2 cells were 
transiently transfected with pcDNA4/TO:3xFLAG:mceF for 18 h. Cells were stained for FLAG, DNA (DAPI), and mitochondria (Mitotracker Red) and examined using 
confocal microscopy. (Scale bars: 15 µm.) (B) Isolated mitochondria (50 μg) from 3xFLAGMceF-expressing stable cell line doxycycline-induced for up to 24 h were 
analyzed by immunoblotting using the indicated antibodies. (C and D) Isolated mitochondria from 3xFLAGMceF stable cell line after 2 h of effector expression. 
(C) Mitochondria subfractionation: intact mitochondria (lanes 1 and 2), mitoplasts (generated by hypotonic swelling of the OM, lanes 3 and 4), and solubilized 
mitochondria (Triton X-100, lanes 5 and 6) were incubated with or without proteinase K (PK, 50 μg/mL) and analyzed by sodium dodecyl-sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and western blotting using the indicated antibodies. (D) Alkaline extraction using 100 mM Na2CO3 (pH 11). The membrane (P) and 
soluble (S) fractions were separated by ultracentrifugation before SDS-PAGE and immunoblotting with the indicated antibodies. (E) The 3xFLAGMceF-expressing stable 
cell line was induced with doxycycline at the indicated times before cell death induction (1 µM Rotenone). Membrane integrity was assessed fluorometrically by 
the uptake of PI for the indicated times. RFUs, relative fluorescence units. Curves indicate the percentage of membrane pore formation normalized to Triton-X 
100 treatment. (F–I) Quantification of the mitochondrial superoxide levels and cell viability in 3xFLAGMceF stable cell lines. Cells were induced with doxycycline for 
24 h before mROS induction by 1 µM Rotenone for 20 h or by 0.1 µM AA for 4 h. Analysis was done by measuring MitoSOX Red dye (F and H) and Ghost Dye™ Red 
780 (G and I) using a flow cytometer. Curves and bar graphics represent the averages of the results of three independent experiments, and error bars are SD. 
(J) The 3xFLAGMceF stable cell line was induced for effector expression for 2 and 24 h with doxycycline. Percentage of the spare respiratory capacity [(OCR3/OCR1) 
× 100)]. Statistical analyses were performed by one-way ANOVA with the multiple comparison test of Bonferroni. When the P value was considered statistically 
significant (P < 0.05), its value was stated in the figure.
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mitochondria. To examine this, the mitochondrial cell death inducer, 
rotenone, was employed. Through selective inhibition of the mito-
chondrial electron transport chain, rotenone leads to mROS-induced 
cell death (35, 36). 3xFLAGMceF expression was induced with dox-
ycycline prior to rotenone treatment, and membrane integrity was 
assessed by PI uptake as an indicator of membrane damage caused 
by cell death (4, 37). Rotenone-induced cell death was delayed in 
the presence of 3xFLAGMceF, showing more than 40% reduction 
after 24 h of doxycycline induction in comparison to the nonex-
pressing 3xFLAGMceF cells (Fig. 2E). A specific mitochondrial super-
oxide indicator, MitoSOX, was used to measure the amount of 
induced mROS. After 24 h of doxycycline treatment, 3xFLAGMceF 
prevented the increase in mROS caused by rotenone, which was 
seen in uninduced cells (Fig. 2F), and subsequently, a decrease in 
cell death (Fig. 2G), reinforcing our previous results. Interestingly, 
when these cells were challenged with another selective inhibitor 
of the mitochondrial electron transport chain (Antimycin A – AA), 
cells expressing MceF showed decreased cell death (Fig. 2I), but 
not mROS accumulation (Fig. 2H). These results indicate that 
MceF can specifically minimize rotenone-induced mROS; how-
ever, MceF can still protect the host cell from reactive oxygen spe-
cies–induced cell death.

The Cytoprotective Effects of MceF Enhance Mitochondrial Spare 
Respiratory Capacity (SRC) Which May Contribute to Modulating 
Cell Death. Mitochondria play a pivotal role in the cellular 
energy supply, in regulating ROS, numerous cell death pathways, 
metabolism, cell proliferation, cell signaling, and the regulation of 
innate and adaptive immunity (38, 39). A decline in mitochondrial 
function, reflected by diminished electron transport chain activity, 
can condemn the cell to death due to metabolic catastrophe (39). 
One of the most informative tests of mitochondrial function is the 
quantification of cellular respiration in a real-time and live-cell assay 
(38). Quantification of oxygen consumption rates enables an analysis 
of the cell’s ability to synthesize adenosine triphosphate (ATP) 
through mitochondrial oxidative phosphorylation and glycolysis. 
To evaluate the impact of 3xFLAGMceF expression on mitochondrial 
function, the 3xFLAGMceF-expressing stable cell line was put through 
the Agilent Seahorse XF Mito Stress Test (SI Appendix, Fig. S2 
A and B). 3xFLAGMceF-expressing cells were either uninduced or 
treated with doxycycline for 2 and 24 h before the start of the 
assay. No difference was observed for almost all parameters analyzed, 
including basal and maximal respiration, proton leak, ATP-linked 
respiration, nonmitochondrial respiration, and coupling efficiency 
(SI Appendix, Fig. S2 C–I). However, increased SRC was observed 
after 24 h of 3xFLAGMceF expression (Fig. 2J). Thus, MceF may 
contribute to an enhanced mitochondrial SRC and increase the 
ability of cells to respond to greater energy demands and oxidative 
stress, such as seen during infection.

MceF Co-Opts GPX4. Next, we affinity-purified 3xFLAGMceF and any 
physically associated proteins using anti-FLAG resin and a stable 
cell line containing the EV as a negative control. Both cell lines were 
treated for 24 h with doxycycline prior to immunoprecipitation. 
Eluted samples were analyzed by label-free quantitative mass 
spectrometry to identify putative interacting partners of 3xFLAGMceF. 
We observed enrichment of GPX4 peptides in all four independent 
pull-downs of 3xFLAGMceF [log2 [fold change] of 3.5352 and 
-log10(P value) of 4.8762] (Fig. 3A), indicating that 3xFLAGMceF 
interacts with GPX4. This finding indicates that GPX4 is likely a 
host target through which MceF manipulates host cell viability.

Mitochondria were isolated from untreated cells or cells treated 
with doxycycline for 24 h to induce 3xFLAGMceF expression, and 
equal amounts of mitochondrial protein were analyzed by western 

blot. GPX4 was notably increased in isolated mitochondria con-
taining 3xFLAGMceF (Fig. 3B), but not in the whole-cell lysate, 
suggesting that the presence of 3xFLAGMceF facilitates mitochon-
drial localization rather than production of GPX4. Components 
of respiratory chain complexes I and IV (NDUFAF2 and CoxIV, 
respectively) and the mitochondrial OM protein Mfn2 were not 
affected by the expression of 3xFLAGMceF (Fig. 3B), indicating a 
specific impact on GPX4 at mitochondria. To confirm this altered 
localization, the localization of GFP-GPX4 was monitored in 
3xFLAGMceF-expressing cells that were colabeled with Mitotracker 
Red (Fig. 3C). In the presence of 3xFLAGMceF, GFP-GPX4 was 
significantly recruited to mitochondria (Fig. 3D).

Finally, to investigate the role of GPX4 with MceF during infec-
tion in macrophages, BMDM GPX4 CRISPR-Cas9 knockout 
cells were generated (40, 41) (Fig. 3E). These cells, along with 
controls treated with the EV, were infected, at an MOI of 10, with 
L. pneumophila JR32 ΔflaA carrying pJB-CAT:3xFLAG (EV) or 
pJB-CAT:3xFLAG:mceF. After 4 h of infection, supernatants were 
collected for LDH release quantification. As previously demon-
strated (Fig. 1G), 3xFLAGMceF expression by L. pneumophila inhib-
ited cell death (measured by LDH release) when compared with 
bacteria encoding EV (P value = 0.02). This protective phenotype 
is lost in GPX4 CRISPR-Cas9 KO cells (P > 0.99, single guide 
RNA (sgRNA), GPX4) (Fig. 3E), providing further evidence that 
MceF functions through GPX4 to modulate host cell death. 
Interestingly, we observed that the lack of GPX4 in noninfected 
cells (Ni) was enough to double the release of LDH in comparison 
to the control (Ni GPX4 KO vs. Ni control cells) (Fig. 3E), con-
firming the critical role of GPX4 in promoting cell survival.

MceF Is Dispensable for Intracellular Replication of C. burnetii 
But It Contributes to G. mellonella Survival during Infection. To 
evaluate the importance of MceF during C. burnetii infection, we 
generated a mceF mutant of C. burnetii RSA439 Nine Mile Phase II 
(WT NMII), replacing mceF with a kanamycin resistance cassette, 
as previously described (42). The mceF mutant was complemented 
with a plasmid constitutively expressing 3xFLAGMceF (referred to as 
ΔmceF pFLAG:mceF). THP-1 and HeLa cells were infected with 
WT NMII, ΔmceF, and ΔmceF pFLAG:mceF, and the number of 
genome equivalent (GE) of C. burnetii was quantified via qPCR 
at days 0, 1, 3, and 5 postinfection. All strains showed replication 
equivalent to that of the parental strain (Fig. 4 A and B), indicating 
that MceF is not required for C. burnetii intracellular replication 
in epithelial or macrophage-like cells.

To examine whether the absence of MceF would impact host cell 
death during C. burnetii infection, THP-1 cells were infected for 3 
d and then either left untreated (Fig. 4C) or treated with rotenone 
(Fig. 4D), and PI uptake was measured every 10 min for 24 h. No 
difference was observed between WT NMII and ΔmceF-infected 
cells, which was expected given the redundancy of C. burnetii effec-
tors that might interfere with host cell death. However, a small but 
significant reduction in rotenone-induced cell death was observed 
when MceF was overexpressed by the complemented strain com-
pared to WT and ΔmceF-infected cells (Fig. 4E). These results indi-
cate that during in vitro infection, overexpression of MceF reduces 
membrane damage generated by rotenone-induced cell death.

Finally, a role for MceF in C. burnetii virulence in vivo was 
examined using the G. mellonella model (26–29). G. mellonella 
larvae were infected with 106 GE of C. burnetii WT NMII, ΔmceF, 
or ΔmceF pFLAG:mceF strains. The survival and bacterial load of 
the infected larvae were monitored every 24 h for 11 d. A similar 
bacterial load was observed in larvae collected every 2 d until day 
6 postinfection (Fig. 4F). After day 6, all strains started to kill the 
larvae (Fig. 4H), and dead larvae were also collected for bacterial D
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load quantification. No difference in the bacterial load was 
observed (Fig. 4G). However, larvae infected with ΔmceF survived 
significantly less than larvae infected with the WT NMII (Fig. 4H). 
The complemented strain showed an intermediate phenotype, but 
not a significant difference to either WT NMII or ΔmceF 
(Fig. 4H). Consistently, these results showed that MceF can con-
tribute to extending the survival of different host cells during 
in vitro and in vivo infection but does not interfere with bacterial 
replication in all models evaluated in this study.

Discussion

A distinct subset of human infections is caused by obligate intracel-
lular bacterial pathogens that depend on their eukaryotic host to 
scavenge metabolites and to provide a niche for replication. Given 
this absolute dependence on their host, it is not surprising that recent 
studies have demonstrated that these organisms have evolved strate-
gies to surpass and modulate the sophisticated programmed cell death 
pathways of eukaryotic host cells. Being able to maintain host viability 
facilitates intracellular bacterial replication and subsequent progres-
sion of infection. This evolutionary race in the host–pathogen context 
makes obligate intracellular bacterial pathogens a rich resource to 
facilitate our understanding of host–pathogen interactions (1, 7). By 
commandeering the T4BSS of L. pneumophila, we have developed a 

powerful model to individually examine the impact of C. burnetii 
effectors when delivered into cells in a physiologically relevant man-
ner. Indeed, using the G. mellonella infection model, we demonstrated 
that 14 C. burnetii effectors can increase the G. mellonella tolerance 
of L. pneumophila demonstrating that these effectors have a measur-
able impact on infection outcome.

The effector CBU1543, renamed MceF, reduced L. pneumo-
phila–induced cell death of BMDMs, and this cell death pro-
tection phenotype was recapitulated in epithelial cells engineered 
to express 3xFLAGMceF and treated with rotenone or AA. As 
strong inhibitors of complexes I and III of the mitochondrial 
respiratory chain, respectively, both lead to increased mROS 
production and subsequent cell death (43–46). Rotenone 
induces mROS from complex I by the nicotinamide adenine 
dinucleotide (NAD) + hydrogen (NADH) dehydrogenase 
located in the matrix side of the inner membrane and is usually 
dissipated in the mitochondria by matrix antioxidant defense, 
such as GPXs, catalases, and superoxide dismutases (43, 45). 
On the other hand, AA induces mROS from complex III in 
both cytoplasm and matrix (43). These differences in the mech-
anisms of action of each inhibitor may explain why MceF only 
significantly reduced the amount of mROS when treated with 
rotenone. Even so, MceF protected the cell from both forms of 
mROS-induced cell death.

Fig. 3. MceF influences mitochondrial localization of GPX4 to reduce 
host cell death. (A) Label-free quantitative proteomic analysis of 4 
independent replicates of an anti-FLAG immunoprecipitation from 
whole cell lysates of cells treated with doxycycline for 24 h to induce 
expression of 3xFLAGMceF or cells carrying the EV. Significantly enriched 
proteins were identified using Student’s t test with a false discovery 
rate (FDR) of 0.05 and S0 of 0.1. All detected mitochondrial proteins 
and MceF are shown as dots, and gene names of selected proteins 
were used as labels. The horizontal axis shows the log2(fold change) 
and the vertical axis shows -log10(P value). (B) One hundred μg of 
isolated mitochondria or of the whole cell lysate from 3xFLAGMceF stable 
cell line uninduced or induced for 24 h with doxycycline were analyzed 
by SDS-PAGE and western blotting using the indicated antibodies.  
(C) WT HeLa and MceF HeLa cells were treated with doxycycline for 24 
h to induce expression of 3xFLAGMceF and then transiently transfected 
with GFP-GPX4 as indicated. Cells were stained for DNA (DAPI) 
and mitochondria (Mitotracker Red) and examined using confocal 
microscopy. (Scale bars: 15 µm.) (D) Ratio of the mean fluorescence 
intensity (MFI) of GFP-GPX4 within mitochondrial boundaries vs. 
cytosol. Image analyses were performed using Fiji ImageJ. (E) Cas9-
BMDMs were transduced with the sgRNA lentivirus-containing 
supernatant (control and sgRNA gpx4) 4 d prior to the experiments. 
Cells were infected with an MOI 10 of L. pneumophila JR32 ΔflaA 
carrying pJB-CAT:3xFLAG (EV) or pJB-CAT:3xFLAG:mceF for 4 h before 
the supernatant was harvested for LDH release measurements. The 
percentage of LDH release was normalized to Triton X-100. Graphs 
represent the averages of three independent experiments and error 
bars are SD. Statistical analyses were performed by one-way ANOVA 
with the multiple comparison test of Bonferroni. When the P value 
was considered statistically significant (P < 0.05), its value was stated 
in the figure.
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Investigation of the human interactome of MceF identified 
GPX4 as a host target of MceF. In support of a functional inter-
action, ectopic expression of MceF promoted the recruitment of 
GFP-GPX4 to mitochondria. A functional relationship between 
GPX4 and MceF was further established in the context of infec-
tion by the loss of MceF-mediated protection against L. pneumo-
phila–induced cell death in GPX4-deficient BMDMs. This 
provides a demonstration of effector-driven hijacking of the host 
antioxidant response to counter mROS-mediated damage.

Multiple forms of programmed cell death can be modulated by 
the recruitment of GPX4 to mitochondria. When recruited, GPX4 
localizes in the inner membrane (47) and can protect mitochondria 
from oxidative damage (48, 49). Therefore, GPX4 is linked to the 
maintenance of oxidative phosphorylation complexes. Mitochondria 
are the major physiological source of ROS, which are generated 
during the TCA cycle and mitochondrial respiration. Lipid perox-
idation occurs by an accumulation of oxidizing molecules, such as 
ROS, thereby altering lipid structure, activity, and physical 

properties (50). With its unique ability to reduce lipid peroxidation 
(48, 51, 52), GPX4 is known for its central role in regulating fer-
roptosis, an emerging form of regulated nonapoptotic cell death 
(50, 53). Here, we observed an enhanced SRC in the presence of 
MceF and reduced accumulation of rotenone-induced mROS, 
which may be linked to the increased abundance of mitochondrial 
GPX4. Enhancing oxidative phosphorylation contributes to con-
suming electrons by transferring them to oxygen and, consequently, 
fewer free radicals causing mitochondrial damage (48).

Oxidative stress–induced apoptosis is caused primarily by the 
peroxidation of cardiolipin (CL), a mitochondrion-specific phos-
pholipid rich in polyunsaturated fatty acids (54, 55). CL is located 
exclusively in the mitochondrial inner membrane and preferentially 
binds to cytochrome c (54, 56). Peroxidation of CL in the mito-
chondria results in cytochrome c release and apoptosis, which can 
be avoided by the overexpression of GPX4 (54). Here, we demon-
strated that the presence of MceF delays oxidative stress–induced 
apoptosis assessed by membrane integrity assays. To reinforce our 

Fig. 4. Overexpression of MceF in vitro decreases 
rotenone-induced cell death and its absence 
reduces G. mellonella survival. (A and B) Intracellular 
replication of WT C. burnetii NMII, ΔmceF, and 
ΔmceF pFLAG:mceF in THP-1 macrophage-like cells 
(A) and HeLa cells (B) was evaluated at days 0, 1, 
3, and 5 postinfection at an MOI 5. (C–E) THP-1 
macrophage-like cells were infected with WT C. 
burnetii NMII, ΔmceF, and ΔmceF pFLAG:mceF at 
an MOI 5. After 3 d of infection, membrane pore 
formation was assessed for 24 h, without (C) or with 
(D) the addition of 1 µM rotenone. Curves indicate 
the percentage of membrane pore formation 
normalized to cells treated with Triton-X 100. (E) 
Area under the curve of D. (F–H) G. mellonella larvae 
were infected with C. burnetii WT NMII, ΔmceF, and 
ΔmceF pFLAG:mceF at 106 GE. (F) Bacterial load was 
quantified by qPCR collecting larvae while alive 
at days 2, 4, and 6. (G) From day 6 postinfection, 
dead larvae were collected for bacterial load 
quantification. (H) Survival curve indicates viable 
G. mellonella larvae every 24 h postinfection for 11 
d with the indicated strains of C. burnetii NMII. A 
PBS control was also included. Graphs represent 
the averages of the results of three independent 
experiments, and error bars are SD. Statistical 
analyses were performed by one- or two-way 
ANOVA (bars or growth curve, respectively) with 
the multiple comparison test of Bonferroni. When 
the P value was considered statistically significant 
(P < 0.05), its value was stated in the figure. Ni–
noninfected; RFU–relative fluorescence units.
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hypothesis, AA-induced mROS is strongly linked to apoptosis due 
to the marked release of cytochrome c (46), but when MceF is 
present, less cell death was observed. Thus, it is reasonable to con-
sider that MceF may also modulate AA-induced apoptosis.

Recently, it has been shown that lipid peroxidation drives 
Gasdermin-D cleavage and, consequently, pyroptosis, which is 
negatively regulated by GPX4 (57, 58). It is also known that mito-
chondrial dysfunction and mROS activate the NLRP3 inflammas-
ome leading to pore formation and pyroptosis (59–61) and that 
GPX4 can protect mitochondria from oxidative damage (48, 49). 
We observed that BMDMs GPX4 CRISPR-Cas9 knockout cells 
released 50% more LDH in normal conditions than the controls, 
and overexpression of MceF failed to delay L. pneumophila-induced 
LDH release in the absence of GPX4. These results indicate that 
GPX4 is an essential antioxidant defense enzyme in myeloid cells 
and that MceF and host GPX4 together may also have a role in 
pyroptosis.

Due to its oxidative sensitivity (62) and its critical dependence 
on molecular iron (63), C. burnetii is most likely modulating 
host iron metabolism and oxidative stress during infection 
through multiple mechanisms. The bacterium itself relies on the 
short-chain dehydrogenase SdrA and de novo NAD biosynthesis 
for resistance to the oxidative phagolysosomal environment (64, 
65). C. burnetii can also reduce oxidative stress by providing its 
own superoxide dismutase and catalase enzymes (66, 67). In 
addition, C. burnetii influences the host antioxidant response by 
blocking membrane localization of the cytosolic nicotinamide 
adenine dinucleotide phosphate hydrogen (NADPH) oxidase 
complex, through an unknown mechanism (68), and by inducing 
nuclear translocation of the antioxidant transcription factor Nrf2 
which can upregulate GPX4 expression (69, 70). Here, we 
showed that the effector MceF increases mitochondrial recruit-
ment of GPX4. Thus, we identified a mechanism by which an 
intracellular bacterial pathogen may be influencing multiple cell 
death signaling pathways. Commandeering a multifunctional 
antioxidant such as GPX4, C. burnetii can escape a range of host 
defense mechanisms.

The lack of MceF did not affect the intracellular replication of 
C. burnetii in macrophage or epithelial cell models of infection. 
However, we observed a measurable cytoprotective phenotype 
linked to MceF function during in vitro infection using an overex-
pression model. This likely reflects the impact of other C. burnetii 
effectors, including IcaA, AnkG, CaeA, CaeB, and other unchar-
acterized effectors, contributing to maintaining host cell viability 
(1). Indeed, in a recent study, we utilized mass spectrometry to 
identify several (MceA–MceE) other effectors that demonstrate 
mitochondrial localization during a native C. burnetii infection (31, 
33). MceF was not identified in this study, indicating that it may 
be present in low abundance and/or there may be temporal control 
of its mitochondrial localization during infection. Examining the 
interplay between these effectors throughout the infection cycle 
may facilitate further understanding of how each effector contrib-
utes to the intracellular success of C. burnetii.

MceF did, however, influence the survival of G. mellonella. 
Overexpression of MceF increased the host tolerance of C. burnetii, 
while the lack of MceF reduced host tolerance when compared 
with the respective controls. Not surprisingly, insects also have 
antioxidant proteins, including copper–zinc superoxide dismutase, 
peroxiredoxin, and GPX (71–73). Thus, our results are suggesting 
that direct or indirect manipulation of lipid peroxidation is an 
essential and common mechanism to prolong the survival of a 
range of different hosts for C. burnetii, including ticks that play a 
role in the zoonotic cycle of C. burnetii.

This research demonstrated that GPX4, an antioxidant defense 
enzyme, is co-opted by C. burnetii to maintain a viable replicative niche. 
The effector protein, MceF, was identified as the driver of altered GPX4 
subcellular localization and, consequently, i) protected mitochondria 
against oxidative damage and enhance oxidative phosphorylation capac-
ity and ii) protected host cells against oxidative stress–induced apopto-
sis, pyroptosis, and ferroptosis. However, the biochemical mechanism 
utilized by MceF to influence GPX4 localization requires further 
investigation. Understanding this mechanism may contribute to the 
development of anti-inflammatory and cytoprotective strategies in lipid 
peroxidation–mediated diseases, such as Alzheimer’s and Parkinson’s 
which are characterized by high lipid peroxidation, and mitochondrial 
dysfunction. In this context, the biochemical function of MceF could 
be harnessed as an alternative way to redirect GPX4 to the mitochon-
dria and reduce organelle damage.

Materials and Methods

Animals and BMDMs. Mice used in this study (C57BL/6–Jax 000664) were 
bred and maintained in an institutional animal facility at the Medical School 
of Ribeirao Preto/University of Sao Paulo, Brazil (FMRP/USP–approved protocol 
number 196/2016). BMDMs were obtained as previously described (74). For all 
in vitro experiments, the plates were centrifuged at 300 × g for 5 min, RT, after 
cell plating and infection. For the in vivo experiments, all mice were matched by 
sex and age (all were at least 8 wk old at the time of infection). Mice were infected 
intranasally with 105 bacteria contained in 40 μL of phosphate buffered saline 
(PBS), as previously described (75, 76). At the indicated time points, the lungs 
were harvested and macerated for 30 s in 5 mL of autoclaved distilled water using 
a tissue homogenizer (Power Gen 125; Thermo Scientific). Dilutions were plated 
on buffered charcoal yeast extract (BCYE) +10 μg/mL of streptomycin, and plates 
were incubated for 4 d at 37 °C for CFU counting.

Tissue Culture Cell Lines. HeLa human cervical carcinoma cells (CCL2, American 
Type Culture Collection - ATCC) were cultured in Dulbecco’s Modified Eagle’s 
Media GlutaMAX™ (DMEM, Gibco) supplemented with 10% heat-inactivated 
fetal calf serum (FCS, Gibco). During infection, cultures were maintained in DMEM 
+ 5% FCS. THP-1 human monocytic cells were cultured in Roswell Park Memorial 
Institute (RPMI) 1640 with GlutaMAX™ (Gibco) supplemented with 10% FCS. All 
cell lines and primary cells were maintained at 37 °C, 5% CO2.

Bacterial Culture and Preparation. Detailed methods for bacterial culture and 
construction of the library of L. pneumophila expressing C. burnetii effectors are 
found in SI Appendix.

Genetic Manipulation of C. burnetii. C. burnetii plasmids (pJB-CAT:3xFLAG 
and pJC-CAT) were transformed into C. burnetii as previously described (77). 
The cbu1543 deletion strain was created through homologous recombination 
and sucrose counterselection in accordance with a previously described method 
(42, 78). The replacement of cbu1543 with a kanamycin resistance gene was 
confirmed by PCR.

Replication of L. pneumophila in BMDMs. Experiments to quantify bacterial 
CFU in macrophages were made in 24-well plates. A total of 2 × 105 BMDMs/
well were plated in RPMI + 10% FBS and incubated overnight. The medium was 
replaced with the bacterial suspension in RPMI + 10% FBS with a multiplicity of 
infection (MOI) of 0.015 for 1 h before being replaced again by fresh RPMI + 10% 
FBS. At the indicated time points, the supernatants were collected, cells were lysed 
with autoclaved distilled water, and the lysate was added to the supernatants. 
Dilutions were plated on BCYE and incubated for 4 d for CFU counting.

ELISA and Cell Death Measurement by LDH Release. In vitro cytokine pro-
duction and lactate dehydrogenase (LDH) release were analyzed in the cell-
free supernatants harvested from 1 × 105 BMDMs/well from 96-well-plates 
infected with the relevant strain at MOI 10. For LDH analysis, supernatants 
were collected up to 9 h postinfection, while for cytokines, supernatants were 
collected 9 h postinfection. Plates were centrifuged at 300 × g for 5 min at room 
temperature (RT), and supernatants were harvested and processed according 
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to the manufacturer’s instructions (IL-1β, IL-6, and IL-12 BD Biosciences) and 
CytoTox 961 Non-Radioactive Cytotoxicity Assay (Promega, Wisconsin, USA). The 
optical density (OD) was measured at 450 nm (enzyme-linked immunoassay 
- ELISA) and 490 nm (LDH) with a SpectraMax plate reader (Molecular Devices, 
California, USA).

Pore Formation Assay. For estimation of cell membrane pore formation, 1 × 
105 macrophages/well or 5 × 104 HeLa cells/well were plated on black, clear-
bottom 96-well plates (Corning) in RPMI or DMEM containing 10% fetal bovine 
serum (FBS) or FCS (as mentioned above) and incubated overnight or differ-
entiated as required. The medium was replaced with the bacterial suspension 
(estimated to reach the indicated MOI) or with rotenone (1 µM; Sigma) (48, 79) 
in RPMI or DMEM without Phenol Red with 6 μL/mL of PI (Invitrogen). PI was 
excited at 538 nm, and emission was measured at 617 nm with a SpectraMax 
plate reader (Molecular Devices, California, USA) or with a CLARIOstar®Plus plate 
reader (BMG LABTECH) every 10 min for the indicated times. Cells treated with 
1.3% Triton-X100 were used as a total cell death control for normalization.

C. burnetii Infections. Detailed methods for C. burnetii of tissue culture cells 
and G. mellonella are provided in SI Appendix.

Immunofluorescence. Prior to fixation, cells were incubated with 
MitoTrackerTM Red CMXRos (ThermoFisher Scientific) according to the man-
ufacturer’s protocol. HeLa cells were fixed for 5 min at −20 °C with 1/1 (v/v) 
Methanol (Sigma-Aldrich)/Acetone (Sigma-Aldrich). Cells were then blocked 
using PBS + 2% BSA, before being incubated with mouse anti-FLAG (Sigma-
Aldrich, 1:250). After three washes in PBS, cells were incubated with relevant 
secondary antibodies (Goat AlexaFluor-488 Mouse IgG, ThermoFisher Scientific, 
1:2,000). PBS containing DAPI (Life Technologies) at 1:10,000 was added to 
cells before additional washes in PBS. Coverslips were mounted onto glass 
slides with ProLong Gold reagent (Life Technologies). All samples were imaged 
using a Zeiss LSM700 instrument with Zen software, and images were analyzed 
using Fiji ImageJ (80).

Mitochondrial Isolation and Mitochondrial Procedures. Isolation of mito-
chondria from tissue culture cells was performed by differential centrifugation 
as described previously (31, 33, 34, 81). Harvested cells were washed once with 
ice-cold PBS and centrifuged at 800 × g for 5 min at 4 °C. The pellets were 
resuspended in ice-cold solution A (70 mM sucrose, 220 mM mannitol, 20 mM 
HEPES-KOH (pH 7.6), 1 mM ethylenediamine tetraacetic acid (EDTA), 0.1 mM 
PMSF, and 2 mg/mL BSA) and homogenized in a handheld glass Douce homog-
enizer. The homogenate was centrifuged at 600 × g for 5 min at 4 °C to remove 
cellular and nuclear debris. The supernatant was centrifuged at 12,000 × g for 
10 min at 4 °C, and the pellet (crude mitochondrial fraction) was resuspended in 
ice-cold solution B (70 mM sucrose, 220 mM mannitol, 20 mM HEPES-KOH (pH 
7.6), and 1 mM EDTA). Samples were quantified using a BCA kit (Pierce) following 
the manufacturer’s instructions.

For mitochondrial subfractionation experiments, mitochondrial pellets (30 to 
50 µg of mitochondrial protein) were resuspended in ice-cold solution B, ice-cold 
swelling buffer (10 mM HEPES-KOH pH 7.4), or ice-cold solubilization buffer 
(0.5% [v/v] Triton-X 100). Samples were split and either left untreated or treated 
with proteinase K (PK—50 µg/mL) for 10 min on ice, followed by the addition of  
1 mM PMSF for 5 min. For sodium carbonate extraction, mitochondrial pellets (30 
to 50 µg of mitochondrial protein) were resuspended in freshly prepared Na2CO3 
(100 mM, pH 11 to 12). Samples were incubated on ice for 30 min with occasional 
mixing and subsequently ultracentrifuged at 100,000 × g for 30 min. The solu-
ble (supernatant) and insoluble (pellet) fractions were separated. Mitochondrial 
subfractionation and carbonate extraction samples were trichloroacetic acid (TCA) 
precipitated and analyzed by immunoblotting (detailed experimental methods 
for immunoblotting are described in SI Appendix).

Immunoprecipitation, LC-MS Analysis of 3xFLAGMceF Interactome, and 
Proteomic analysis. Detailed methods for immunoprecipitation of 3xFLAGMceF, 
sample preparation, liquid chromatography-mass spectrometry (LC-MS) condi-
tions, and data analysis are contained in SI Appendix. The resulting MS data and 
search results have been deposited into the PRIDE ProteomeXchange Consortium 
repository (82–84).

Measurement of Mitochondrial Respiration and m ROS. Detailed experi-
mental methods for mitochondrial respiration and measurement of mROS are 
described in SI Appendix.

CRISPR/Cas9 Manipulation of BMDMs. Two double-stranded guide RNA (gRNA) 
targeting gpx4 were designed online using the webserver (http://crispr.mit.edu), 
and oligonucleotide pairs for each gRNA were synthesized (SI Appendix, Table S1). 
The LentiGuide-puro (Addgene) plasmid was digested with BsmBI (New England 
Biolabs, USA) and annealed to each gRNA. For lentiviral production, HEK293 
cells were transfected with LentiGuide-puro gRNA and packing plasmids psPAX2 
(Addgene) and pMD2.G (Addgene). Sixty hours posttransfection, lentivirus-
containing supernatant from HEK293 cells was used to transduce BMDMs. For 
the generation of BMDM deficient in gpx4, tibias and femurs were removed from 
Cas9 transgenic mice and bone marrow was flushed as above. On the third day of 
differentiation, lentivirus-containing supernatant was added to the culture, and 
after 48 h, puromycin (10 µg/mL) was added for the selection. Cells were used 
4 d after puromycin selection.

Statistical Analysis. The data were analyzed using GraphPad Prism 9.3 software. 
The statistical significance was calculated using Student’s t test or ANOVA with SD 
(SD) as indicated in the figure legends. Differences were considered statistically 
significant when P was <0.05, as indicated in the figures.

Data, Materials, and Software Availability. Proteomics data have been 
deposited in PRIDE ProteomeXchange Consortium repository (PXD030191; 
reviewer_pxd030191@ebi.ac.uk Password: Hr6uHdoK) (84).
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