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improves the prognosis of intracerebral hemorrhagic stroke
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Summary

Background Macrophages are innate immune cells whose phagocytosis function is critical to the prognosis of stroke
and peritonitis. cis-aconitic decarboxylase immune-responsive gene 1 (Irgl) and its metabolic product itaconate
inhibit bacterial infection, intracellular viral replication, and inflammation in macrophages. Here we explore
whether itaconate regulates phagocytosis.

Methods Phagocytosis of macrophages was investigated by time-lapse video recording, flow cytometry, and
immunofluorescence staining in macrophage/microglia cultures isolated from mouse tissue. Unbiased RNA-
sequencing and ChIP-sequencing assays were used to explore the underlying mechanisms. The effects of Irgl/
itaconate axis on the prognosis of intracerebral hemorrhagic stroke (ICH) and peritonitis was observed in transgenic
(Irgs™8°%, Cx3cri™ERT/*, cKO) mice or control mice in vivo.

Findings In a mouse model of ICH, depletion of Irg: in macrophage/microglia decreased its phagocytosis of eryth-
rocytes, thereby exacerbating outcomes (n = 10 animals/group, p < 0.05). Administration of sodium itaconate/4-octyl
itaconate (4-OI) promoted macrophage phagocytosis (n = 7 animals/group, p < 0.05). In addition, in a mouse model of
peritonitis, Irg1 deficiency in macrophages also inhibited phagocytosis of Staphylococcus aureus (n = 5 animals/group,
p < 0.05) and aggravated outcomes (n = 9 animals/group, p < 0.05). Mechanistically, 4-OI alkylated cysteine 155 on the
Kelch-like ECH-associated protein 1 (Keap1), consequent in nuclear translocation of nuclear factor erythroid 2-related
factor 2 (Nrf2) and transcriptional activation of Cd36 gene. Blocking the function of CD36 completely abolished the
phagocytosis-promoting effects of Irgl/itaconate axis in vitro and in vivo.

Interpretation Our findings provide a potential therapeutic target for phagocytosis-deficiency disorders, supporting
further development towards clinical application for the benefit of stroke and peritonitis patients.
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Research in context

Evidence before this study

Phagocytosis inefficiency/dysfunction of macrophages is
closely related to the occurrence or worsening of various
diseases. Literatures have shown that the size of the
hematoma after ICH is a well-established predictor of clinical
outcomes in patients, and that the decreased phagocytosis
and bactericidal ability of host peritoneal macrophages may
contribute to bacterial peritonitis. With a focus on
phagocytosis, enhanced antibody-dependent macrophage
phagocytosis has been successfully used as a cancer
immunotherapy in the clinic. Nevertheless, how to enhance
macrophage phagocytosis in other diseases requires further
research and clinical translation.

Added value of this study

In this work, we demonstrated that Irgl/itaconate axis
significantly promoted phagocytosis in macrophages and
improved prognosis in mouse models of ICH and acute
peritonitis. Mechanistically, with unbiased RNA-sequencing
and ChIP-sequencing assays, we uncovered that itaconate

Introduction
The innate immune system is finely regulated to
respond rapidly to a variety of stimuli, including path-
ogen (bacterial, fungal, and viral) invasion, host cell
death, erythrocyte senescent, and erythrocyte escape
from blood vessels.'* Macrophages are congenital im-
mune cells that play an important role in phagocytosis,
antigen presentation, and cytokine production. The
dysfunction in phagocytosis of macrophages or micro-
glia, the brain-resident macrophages, is associated with
diseases occurring or worsening, such as chronic
obstructive pulmonary disease,” atherosclerosis,® Alz-
heimer’s disease,” and stroke.*” In clinic, enhancing
antibody-dependent macrophage phagocytosis has been
successfully applied as a cancer immunotherapy.”
Therefore, controlling macrophage phagocytosis is crit-
ical for maintaining health and treating diseases."
Itaconate, a tricarboxylic acid cycle intermediate, is a
product of the decarboxylation of cis-aconitate by immune-
responsive gene 1 (Irgl) in the mitochondria.”” Itaconate is
an o, B-unsaturated dicarboxylic acid with mildly electro-
philic properties, allowing it to act as a Michael acceptor to
modify cysteine residue(s) in an alkylation reaction termed
itaconation (also known as 2,3-dicarboxypropylation) on
cysteine-containing proteins."*” During the microbial in-
vasion, itaconate directly inhibits the isocitrate lyase ac-
tivity of Pseudomonas indigofera to limit pathogen growth,™®
and itaconyl-CoA, a breakdown product of itaconate
metabolism, inhibits methylmalonyl-CoA mutase to
restrict the growth of Mycobacterium tuberculosis.”” Itaco-
nate also potently attenuates intracellular replication of
SARS-CoV2, Herpes Simplex Virus-1/2, Vaccinia Virus,
and Zika Virus®” Moreover, itaconate exerts

alkylated the Kelch-like ECH-associated protein 1 (Keapl),
consequently increased the nuclear translocation of nuclear
factor erythroid 2-related factor 2 (Nrf2), and subsequently
increased the expression of scavenger receptor coding gene
Cd36.

Implications of all the available evidence

Our work is the first to demonstrate the novel role of Irg1/
itaconate axis in the promotion of phagocytosis in different
sources of macrophages (mouse bone marrow-derived
macrophages, primary microglia, and peritoneal
macrophages), and uncover the Irgl/itaconate axis promoted
phagocytosis barely has substrate specificity (erythrocytes,
Escherichia coli, live Staphylococcus aureus, and dying
neuroblastoma cells). Our findings suggest that itaconate
could potentially be used in the treatment of a broad range of
phagocytosis-related diseases, supporting further
development towards clinical application for the benefit of
relevant clinical patients.

immunomodulatory effects by inhibiting enzymatic ac-
tivity, such as succinate dehydrogenase” and ten-eleven
translocation DNA dioxygenases” in macrophages.
Therefore, itaconate is an essential regulator of macro-
phage activation, inflammation, and M1 polarization.**
However, little is known about whether itaconate partici-
pates in macrophage phagocytosis and its underlying
mechanisms.

Phagocytosis, the ingestion of bacteria or other
material by phagocytes, is a highly conserved and
complex process.” This process is mediated by the
engagement of pattern recognition receptors, scav-
enger receptors, and Fc receptors.”® CD36 is one of the
well-studied class B scavenger receptors expressed on
macrophages, monocytes, and microglia.”” CD36 rec-
ognizes endogenous ligands, such as erythrocytes and
apoptotic cells.*** It also functions as a pattern recog-
nition receptor on phagocytes, mediating engulfment
and the elimination of foreign agents (bacterial and
fungal pathogens).*** Although both CD36 and itaco-
nate are critical in development, maintaining tissue
homeostasis, and host defense, whether CD36 is
related to itaconate-participated functional regulation
remains unknown.

Several disease models have been used to study
phagocytosis, such as intracerebral hemorrhagic stroke
(ICH),* peritonitis,”’ Alzheimer’s disease,”” and
pneumonia.”* ICH is associated with significant mor-
tality and morbidity,”** and the hematoma size is a
well-established predictor of clinical outcomes in ICH
patients.*® Thus, enhancing microglia/macrophage
(MM®) erythrophagocytosis and accelerating hema-
toma resolution is a legitimate therapeutic strategy for
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ICH.” Bacterial peritonitis is another important dis-
ease related to phagocytosis regulation, which results
from decreased phagocytosis and bactericidal capacity
of host peritoneal macrophages,” and enhancing
macrophage phagocytosis to reduce bacterial bio-
burden becomes a promising therapeutic option for the
treatment of severe bacterial peritonitis. The goal of
this study was to investigate whether itaconate modu-
lates macrophage phagocytosis and its underlying
mechanisms, thereby advancing future clinical trans-
lational studies.

Methods

Animals

Experiments in animals were performed according to
the ARRIVE and ICLAS guidelines. All animals used in
this study were bred and housed under specific-
pathogen-free conditions at Capital Medical University.
Mice were housed in a regulated environment
(22 £ 2 °C, 55 + 5% humidity, and 12:12-h light: dark
cycle with lights on at 8:00 am) and received a standard
diet. Food and water were accessible ad libitum. All
procedures on mice were followed National Institutes of
Health guidelines for care of animals. Anesthesia and
euthanasia of animals were carried out based on the
American Veterinary Medical Association Guidelines
for the Euthanasia of Animals (2020).

C57BL/6 male mice (6- to 8-week-old, wildtype, WT)
were obtained from Vital River (China). Irg1™/", Irg1®
flox and  Cx3cr1“*RT mice (all on a C57BL/6 back-
ground) were generated by Shanghai Model Organism
Center, Inc (China). EGFP transgenic mice, which ex-
press enhanced EGFP in all tissues except erythrocytes
and hair,” were used to visualize bone marrow-derived
macrophages in time-lapse experiments and immuno-
fluorescence staining.

To generate the Irgl”/~ mice, CRISPR/Cas9 tech-
nology was used to repair the introduction of mutations
by non-homologous recombination, resulting in the
Acodl (Irgl) encoding protein reading frame-shifting
and functional loss. To generate the Irg1™®/°* mice,
the principle of homologous recombination was used to
modify Irgl gene by flox through homologous recom-
bination of fertilized eggs. Microglia/macrophage con-
ditional knockout (cKO) mice were then produced by
crossbreeding Irg1"®/8° mice with Cx3cr1”“®T mice
(Irglﬂox/ﬂox; CX3C?’1CIEERT/+). When Irglﬂox/ﬂox;
Cx3cr1FRT/* mice became adults, we administered
tamoxifen (T5648, Sigma-Aldrich, USA) 100 pL dis-
solved in corn oil (C805618, Macklin, China) at a con-
centration of 20 mg/mL once daily for 5 consecutive
days to activate the creERT recombination. Age- and sex-
matched littermates or WT mice were used as controls.
The individual mouse was considered the experimental
unit in this study. The PCR primer sequences for gen-
otyping analysis were listed in Supplemental Table S2.
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Ethics
All procedures on mice were approved by the Experi-
mental Animal Ethics Committee (AEEI-2020-157 and
AEEI-2023-013) of Capital Medical University, Beijing,
China.

Cell cultures

Mouse bone marrow-derived macrophages were pre-
pared from 6- to 8-week-old male mice and cultured as
described previously.® Briefly, bone marrow cells from
the mouse femur were flushed out with o-MEM
(KGM11900-1, KeyGEN BioTECH, China). After lysing
red blood cells (RBCs) with buffer (00-4300-54, Invi-
trogen, USA), cells were cultured in the medium sup-
plemented with 10% fetal bovine serum (FBS;
10091148, Gibco, USA), 1% penicillin/streptomycin
(KGY0023, KeyGEN BioTECH), and 20 ng/mL murine
M-CSF (315-02-100, PeproTech, USA) for 7 d until use.

Mouse primary microglia were prepared from pups
at postnatal days 0-1 and cultured as described previ-
ously.® Briefly, brain tissue was digested into single cells
and cells were maintained in the DMEM/F12 medium
(C11330500BT, Gibco) supplemented with 10% FBS
and 1% penicillin/streptomycin in vitro. After 14 d
culturing, cells were shaken at 200 rpm at 37 °C for 4 h
to separate microglia from astrocytes. The medium was
changed every 3 d until use.

Mouse macrophage cell line RAW264.7 and mouse
neuroblastoma cell line N2A were maintained in
DMEM medium (C11995500BT, Gibco) with 10% FBS
and passaged every other day.

Phagocytosis assays

Time-lapse imaging

Briefly,*” BMDMs extracted from EGFP mice were placed
on a stage-top environmental chamber that maintained
the cells at 37 °C in 5% CO, and was mounted onto a
Zeiss inverted microscope (LSM880, Zeiss, Germany).
Cells were incubated with pH-sensitive latex beads (4 pm,
P35364, Invitrogen) and nuclear dye Hoechst 33342
(C0031, Solarbio, China). Z-stack images were captured
every 3—4 min for a total duration of 1 h. Images and
videos were obtained by the Zeiss imaging software and
analyzed using the Image] software (NIH, USA).

Flow cytometry

Briefly," pH-sensitive latex beads (pHrodo Red, Excita-
tion/Emission = 560/585 nm) were incubated with
BMDMs for 20 min and unengulfed beads were washed.
BMDMs were digested by 0.25% trypsin (KGY0012,
KeyGEN BioTECH), washed, and analyzed with an
LSRFortessa SORP cytometer (BD Biosciences, USA).
Dead cells were distinguished with 7-Aminoactinomycin
D (7AAD; 00-6993-50, eBioscience, USA). Unengulfed
BMDMs (7AADPE") were used as a negative control.
FlowJo software V10 (SU, USA) was used to analyze the
results. The engulfment (%) was calculated by the
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percentage of beads-engulfing BMDMs (JAAD PE') in
all live BMDMs (7AAD"). The number of engulfed beads
was calculated by the mean fluorescence intensity of
beads in beads-engulfing BMDMs (7JAAD PE").

Immunofluorescence staining

For in vitro experiments, briefly,* pH-sensitive latex
beads, pH-sensitive Escherichia coli (E. coli; P35361,
Invitrogen), PKH26-labeled RBCs, or propidium io-
dide (PI)-labeled dying cancer cells were incubated
with cells for 20 min, respectively. Phagocytes were
washed and fixed with 4% paraformaldehyde (PFA;
P1110, Solarbio), washed, and immunostained. Z-
stack images were captured with a confocal microscope
(TCS SP8 STED, Leica, Germany). The beads number
was calculated by the number of engulfed beads per
phagocyte, and the engulfment (%) was calculated by
the percentage of engulfed phagocytes in total phago-
cytes in each field. For in vivo experiments, briefly,
PKH26-labeled RBCs (1 x 10°% in 2 pL phosphate
buffered solution (PBS; P1010, Solarbio) were injected
into the left mouse striatum at 0.4 pL/min (co-
ordinates: x = 2.0 mm, y = 0.8 mm, z = -3.15 mm).
Mice were sacrificed and brain sections were used for
immunofluorescence staining. Four random peri-
hematomal areas on 6 brain sections at 3 slides per
animal were used and quantified by Image] software.
The RBC number was calculated by the number of
engulfed RBCs per microglia/macrophage.

Intracerebral hemorrhage mouse model

As previously described,” we used collagenase to induce
the ICH mouse model. Briefly, mice were deeply anes-
thetized with isoflurane (mixture of 70% N,O and 30%
0O,; 3% induction, 1-2% maintenance). A burr hole was
made in the left striatum (coordinates: x = 2.0 mm,
y = 0.8 mm, z = -3.15 mm). Next, 0.5 pL of collagenase
VII-S (0.1 U/pL, Sigma—Aldrich) was injected at a speed of
0.1 pL/min. The body temperature of mice was main-
tained near normothermia (37.0 °C) during surgery with a
heating blanket (RWD, China). All efforts were made to
minimize the number of animals used and ensure min-
imal suffering. Body weight, rectal temperature, and sur-
vival rate were recorded for each mouse before and after
surgery until the endpoint of experiments.

Acute bacterial peritonitis mouse model

As previously described,*  Staphylococcus aureus
(S. aureus) was grown in Luria Broth (LB) media and
shaken overnight at 37 °C. S. aureus density was deter-
mined using an ultraviolet—visible spectrophotometer
(Nanodrop 2000, Thermo Fisher Scientific, USA) and
the corresponding colony-forming units (CFU) were
determined on LB agar plates. Viable 1 x 10° CFU
S. aureus resuspended in 1 mL of LB was injected into
the peritoneal cavity (i.p.). Body weight and survival rate
were recorded for each mouse before and after S. aureus

injection. All experiments performed using S. aureus
were performed in ClasslI Biohazard facilities.

Statistical analysis

Animals and cell cultures for each group were ran-
domized with the website www.randomization.com.
Each animal was randomly assigned to a cage from all
cages, and the order of the trials was randomized daily.
Treatment, data collection, and data analyses were
blinded by using different investigators or by masking
sample labels. Three or more independent experiments
were performed for all experiments. For the pooled
analysis of results from different independent replica-
tions, all mice and independent in vitro experiments
from the same experimental group were pooled and a
new statistical comparison was performed for the entire
pooled experiment, as was done for the individual rep-
lications.” A power analysis based on previous
studies,”**” and pilot data indicated that 8 mice per
group would provide at least 80% power for detecting a
20% decrease in neurologic deficits at o = 0.05 (2-sided).
Sample sizes were excluded the animals which were
died or euthanized. To be specific, the ICH mice that
died or had a neurological deficit score higher than 20 at
24 h after surgery were euthanized and excluded from
the analysis. And the peritonitis animals with obvious
abnormal behavior (i.e., exceeding 2 times the standard
deviation) were excluded. Data were presented as
mean = SD or displayed using violin plots (medians,
quartiles Q25-Q75 and 95% confidence intervals). Mean
value was the average data obtained from all animals
(in vivo experiments) or from three or more independent
experiments (in vitro experiments). All data analysis was
performed using GraphPad Prism 8.0.2 (263) Software.
For all datasets, the normality was assessed using the
Shapiro-Wilk test, and the parametric or non-
parametric tests were used accordingly. For compari-
sons between two groups with normal distribution,
unpaired two-tailed Student’s t-test followed by Welch’s
correction was performed. For comparison of more than
two groups, ANOVA was used with correction for
multiple comparisons tests for parametric-distributed
datasets and the Kruskal-Wallis test with Dunn’s
correction for non-parametric-distributed datasets. To
be specific, One-way ANOVA followed by Tukey’s
multiple comparisons test or Dunnett’s multiple com-
parisons tests, and Two-way ANOVA followed by
Sidak’s multiple comparisons test or Tukey’s multiple
comparisons tests were used to determine where those
differences occurred. The criterion for statistical signif-
icance was p < 0.05. All exact p values were presented in
Supplemental Table S3.

Role of funders

The funding sources were not involved in study design,
data collection, data analyses, interpretation, or writing
of report.
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Results
Irgl/itaconate axis promotes macrophage
phagocytosis
We extracted bone marrow-derived macrophages
(BMDMs) from wild-type (WT) mice (Supplemental
Fig. Sla), treated them with itaconate derivative 4-octyl
itaconate (4-OI) or vehicle, and performed RNA-
sequencing (RNA-seq) analysis (n = 3, Fig. 1a). Gene
Set Enrichment Analysis (GSEA) showed that regulation
of the phagocytosis-related genes was significantly
enriched in 4-Ol-treated macrophages (n = 3, Fig. 1b
and Supplemental Table S1). We verified the RNA-seq
results with real-time RT-PCR (n = 3, p < 0.05 vs. Veh,
Fig. 1c). We mnext incubated macrophages with
pH-sensitive latex beads to assess the changes in
phagocytosis. Both itaconate (1 mM) and 4-OI (120 uM)
significantly increased the total amount of phagocytosed
beads and the percentage of beads-engulfing macro-
phages (n = 3, p < 0.05 vs. Veh, Supplemental Fig. S1b—
g). The time-lapse recording revealed that itaconate and
4-01 also increased the beads-engulfing speed and
ability of macrophage phagocytosis (n = 8-52, p < 0.01
vs. Veh, Fig. 1d—f and Supplemental Videos S1-S3). Of
note, the phagocytosis-enhancing effective dosages of
itaconate and 4-OI didn’t induce cell death (n = 4 or 5,
p > 0.05 vs. Veh, Supplemental Fig. S1h-k).
Immune-responsive gene 1 (Irgl) converts cis-aco-
nitate to itaconate. To further confirm IrgI’s role in
macrophage phagocytosis, we generated Irgl™~ mice
(Supplemental Fig. S2a) and observed the depletion of
Irgl by real-time RT-PCR (n = 3, p < 0.001 vs. Irgl*/*,
Supplemental Fig. S2b) and Western blotting
(Supplemental Fig. S2c), and the depletion of itaconate
in Irgl”~ BMDMs by high-performance liquid chro-
matography (HPLC) analysis (Supplemental Fig. S2d).
As reported elsewhere,* we also found that deficiency
of Irgl didn’t affect macrophage maturation, glycol-
ysis, and mitochondrial respiration (n =3, p > 0.05 vs.
Irg1**, Supplemental Fig. S2e-h). As expected,
BMDMs extracted from Irg1~/~ mice showed impaired
phagocytic activity (n = 4, p < 0.05 vs. Irg1*/*, Fig. 1g-i
and Supplemental Fig. S2i-k), and both itaconate and
4-0OI rescued this dysfunction (n =4, p < 0.05 vs. Veh,
Fig. 1g-i and Supplemental Fig. S2i-k), whereas Irgl
overexpression increased phagocytosis of WT BMDMs
(n =3, p<0.001 vs. Vector, Supplemental Fig. S21 and
m). We further incubated macrophages with Escher-
ichia coli (E. coli), red blood cells (RBCs), or dying
cancer cells (CCs). Irg1 deficiency markedly attenuated
the phagocytosis of E. coli, RBCs, and dying CCs
(n =4, p < 0.05 vs. Irg1*'*, Fig. 1j and k), while the
addition of itaconate/4-Ol promoted engulfment in
both Irgl*/* and Irgl”/~ BMDMs (n = 4, p < 0.05 vs.
Veh, Fig. 1j and k). These data suggest that Irgl/itac-
onate axis plays an important role in the regulation of
macrophage phagocytosis.
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Irgl/itaconate axis enhances macrophage
phagocytosis by activating the Keap1/Nrf2/CD36
axis

Peroxisome proliferator-activated receptor (PPAR)-y and
nuclear factor erythroid 2-related factor 2 (Nrf2) are the
most studied phagocytosis-related transcription fac-
tors.***** Kyoto Encyclopedia of Genes and Genomes
(KEGG) and violin plot analyses showed that both PPAR
and Nrf2 signaling pathway-related genes were enriched
in the 4-Ol-treated cells (n = 3, Supplemental Fig. S3a—
c). Treating cells with PPARy inhibitor T0070907 did
not inhibit 4-OI-promoted phagocytosis (n = 3, p > 0.05
4-OlI+ T0070907 vs. 4-OI+Veh, Supplemental Fig. S3d),
while pharmacologic inhibition of Nrf2 transcriptional
activity with ML385 decreased the 4-Ol-enhanced
phagocytosis significantly (n = 3, p < 0.001 4-OI+ML385
vs. 4-OI+Veh, Supplemental Fig. S3e). These results
suggest that the Nrf2 signaling pathway plays an
important role in Irgl/itaconate axis-regulated macro-
phage phagocytosis.

Kelch-like ECH-associated protein 1 (Keap1) binds to
Nrf2 in cytosol and represses Nrf2 nuclear trans-
location.”” Itaconate has electrophilic properties and
directly alkylates cysteine residue on the Keapl to pro-
mote Nrf2 transcription of anti-inflammatory and anti-
oxidative genes.” As expected, 4-OI did not alter the
mRNA levels of Keapl or Nrf2 (n =6, p > 0.05 vs. Veh,
Supplemental Fig. S3f), but 4-OI significantly increased
the nuclear translocation of Nrf2 detected by immuno-
fluorescence staining and Western blotting (n = 3,
Fig. 2a and b). We next analyzed Nrf2-transcripting
genes by wusing chromatin immunoprecipitation-
sequencing (ChIP-seq) assays. A total of 192 differen-
tial binding sites were identified, and 4-OI induced
binding of Nrf2 to the transcription start site of target
genes (Fig. 2c). Venn diagrams showed there were 44
overlapped differentially expressed genes (4-OI vs. Veh)
between results gained from ChIP-seq and RNA-seq
analyses, and they were mainly involved in oxidative
stress and redox pathway, cellular response to oxidative
stress, carboxylic acid transmembrane transport, and
mitotic cell cycle process (Fig. 2d and Supplemental
Fig. S3g). Among these, genes encoding the scavenger
receptor CD36 and proton-coupled divalent metal ion
transporter SLC11A1 were the overlapped phagocytosis-
related genes between ChIP-seq and RNA-seq assays
(Fig. 2d). CD36 neutralizing antibodies largely blocked
4-Ol-enhanced phagocytosis in WI BMDMs (n = 4,
p < 0.01 4-OI+ADb-CD36 vs. 4-OI+IgA, Fig. 2e), whereas
Slc11al silencing had modest effects on it (n = 4,
p > 0.05 4-Ol+siSlc11al vs. 4-Ol+siCtrl, Supplemental
Fig. S3h and i). In addition, ChIP-seq density tracking
and our ChIP assay showed 4-OI enhanced the binding
of Nrf2 on the transcription start site of Cd36 (Fig. 2f
and g). Meanwhile, addition of 4-OI also induced Cd36
overexpression (n =5, p < 0.01 vs. Veh, Fig. 2h—j).
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Fig. 1: Irg1/itaconate axis promotes macrophage phagocytosis. (a and b) Bone marrow-derived macrophages (BMDM:s) isolated from C57BL/
6 (WT) mice were treated as indicated to perform RNA-seq analysis. Hierarchical clustering analysis of differentially expressed genes (a) and a
GSEA analysis of phagocytosis pathway (b) are shown. (c) The mRNA levels of phagocytosis-related genes in WT BMDMs were analyzed using
real-time RT-PCR after treatment 8 h. GAPDH serves as an internal control. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Veh. (d-f) BUDMs
isolated from EGFP mice were exposed to indicated treatments before incubated with the pH-sensitive latex beads. The time-lapse recording
was performed. Nuclei were stained with Hoechst dye. White arrows indicate beads-engulfing macrophages. Fields calculated for evaluating
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To confirm itaconate upregulated Cd36 expression
through Keapl itaconation, we mutated candidate cys-
teines (151 and 288) to serines (Keap1“"'® and
Keap1©%#8%) g5 literature showed that these two are the
most important itaconation sites'** (Supplemental
Fig. S3j and k). 4-Olinduced Nrf2 nuclear trans-
location (n = 3, Fig. 3a and b) and Cd36 expression
(n =3, p>0.05 Keapl“'S 4.0I vs. Keap1“'® Veh,
Fig. 3c—e) were markedly attenuated in Keap1©'>'S cells.
Interestingly, we noticed that Keap1“**#$ promoted Nrf2
nuclear translocation even without 4-OI treatment
(n =3, Fig. 3a and b), but this mutation did not affect 4-
OI increased Cd36 expression (n = 3, p < 0.01
Keap1©?%85 4.01 vs. Keap1“#*#S Veh, Fig. 3c—e). These
results indicate that cysteine 151 is the most important
itaconated cysteine on Keapl in both activating Nrf2 for
anti-inflammation***~** and phagocytosis promotion. To
further confirm the role of Nrf2 in promoting Cd36
overexpression, we transfected WI BMDMs with Nrf2
siRNA or control siRNA.”* Real-time RT-PCR results
showed that Nrf2 mRNA level was significantly down-
regulated after Nrf2 siRNA transfection (n = 4, p < 0.01
vs. siCtrl, Supplemental Fig. S3l), and 4-OI-promoted
Cd36 overexpression was significantly blocked by Nrf2
siRNA transfection (n =5, p < 0.001 4-OI+siNrf2 vs. 4-
Ol+siCtrl, Fig. 3f). Additionally, Nrf2 inhibitor ML385
(n=4or 3, p<0.054-0I+ML385 vs. 4-Ol+Veh, Fig. 3g—
j), but not PPAR-y inhibitor T0070907 (n =3, p > 0.05 4-
OI+T0070907 vs. 4-OI+Veh, Supplemental Fig. S3m),
decreased the 4-Ol-upregulated Cd36 overexpression.

Collectively, these results indicate that itaconate
regulates macrophage phagocytosis by regulating the
Keap1/Nrf2/CD36 axis, but not through the PPARy
signaling pathway (Fig. 3k).

Irgl/itaconate axis enhances erythrophagocytosis
of MM® and improves acute outcomes in an ICH
mouse model

Intracerebral hemorrhagic stroke (ICH) is an estab-
lished disease model to study macrophage phagocy-
tosis.””” The activated infiltrating macrophages are one
of the most important phagocytes to engulf RBCs,
thereby promoting hematoma clearance and brain
repair after ICH.”**” Heme is a degradation product of
RBCs and hemin has been commonly used to mimic
ICH toxicity in vitro.° Hemin slightly increased the total

amount of engulfed beads (n = 14, p < 0.05 vs. Veh,
Fig. 4a and b; n = 3, Supplemental Fig. S4a and c,
Supplemental Videos S4 and S5) and the percentage of
phagocytic macrophages (n = 4, p < 0.01 vs. Veh,
Supplemental Fig. S4a and b, Supplemental Videos S4
and S5), but not the phagocytosis speed (n = 4,
p > 0.05 vs. Veh, Fig. 4a and ¢, Supplemental Videos S4
and S5). Among the hemin-induced differentially
regulated genes which were assessed with RNA-seq,
Irgl was only slightly upregulated (n = 3, Fig. 4d and
Supplemental Fig. S4d). We further confirmed the
upregulation of Irgl in macrophages (n =5, p < 0.05 vs.
Veh, Fig. 4e and f). These results suggest that Irgl/
itaconate axis may be involved in hemin-induced
macrophage phagocytosis. Hemin only marginally acti-
vated the Irgl/itaconate axis, and enhancing this axis
may further augment its phagocytosis capacity.

Consistent with slightly increased Irgl levels, hemin
also slightly increased the Nrf2 protein levels in both
whole-cell lysate and nuclear fraction, and co-treating
cells with 4-OI and hemin dramatically enhanced Nrf2
protein levels, especially in nuclear fraction (n = 3,
Fig. 4g and h). Cd36 expression was also significantly
elevated in the co-administration of 4-OI with hemin
(n=9or4, p<0.001 Hemin+4-OI vs. Hemin+Veh,
Fig. 4i and j). Additionally, co-administration of 4-OI
and hemin promoted phagocytosis in both Irgl*/* and
IrgT/~ BMDMs assessed by incubating with RBCs
(n =3, p <0.01 Hemin+ITA, Hemin+4-OI vs. Hemin+
Veh, Fig. 5a and b) or pH-sensitive latex beads (n =3 or
4, p < 0.01 Hemin+ITA, Hemin+4-OI vs. Hemin+Veh,
Fig. 5c-g). Moreover, the CD36 neutralizing antibody
effectively blocked 4-Ol-enhanced phagocytosis in
hemin-treated cells (n = 4, p < 0.001 Hemin+4-OI+Ab-
CD36 vs. Hemin+4-OI+IgA, Fig. 5h and i). These data
indicate that hemin induces phagocytosis mainly
through upregulation of CD36 in an itaconate-
dependent or -independent manner, enhancing Irgl/
itaconate levels certainly augments macrophage
engulfment even incubating with hemin.

Microglia, as the resident macrophages in brain tis-
sue, are also primary phagocytes post-ICH,* but they
may not share identical regulatory mechanisms in
phagocytosis.®> We treated primary microglia that were
isolated from WT mouse brain with hemin
(Supplemental Fig. S4e). Hemin upregulated the

engulfment (%): Veh n = 11, ITA n = 12, 4-0l n = 8. BMDMs calculated for evaluating beads number: Veh n = 52, ITA n = 39, 4-Ol n = 27.
**p < 0.01, ***p < 0.001 vs. Veh. Scale bar = 10 pm. (g-i) Indicated BMDMs were treated as indicated and incubated with pH-sensitive latex
beads, and then flow cytometry was performed. n = 4, **p < 0.01, ***p < 0.001 vs. corresponding Veh; #p < 0.05, ###p < 0.001 vs. Irg1**
BMDMs. MFI: Mean fluorescence intensity. (j and k) Indicated BMDMs were incubated with pH-sensitive Escherichia coli (E. coli), PKH26-labeled
red blood cells (RBCs), or Pl-labeled dying cancer cells (CCs) respectively. n = 4, *p < 0.05, **p < 0.01, ***p < 0.001 vs. corresponding Veh;
#4p < 0.01, ###p < 0.001 vs. Irg1** BMDMs. Scale bar = 10 pm. Data are presented as mean + SD. (c) Two-way ANOVA followed Sidak’s multiple
comparisons test. (e and f) Two-way ANOVA followed Tukey’s multiple comparisons test. (h, i, and k) Two-way ANOVA followed Tukey's or

Sidak’s multiple comparisons test.
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Fig. 2: Irgl/itaconate axis increases the nuclear translocation of Nrf2, which increases Cd36 transcription. (a) WT BMDMs were treated
with 4-0l or vehicle at different time points. Immunofluorescence staining was performed with Nrf2 antibodies. The dash line indicates the
location of nuclei. Scale bar = 10 pm. (b) RAW264.7 cells were treated with 4-Ol or vehicle for 8 h, and Western blotting was performed. GAPDH
serves as an internal control of the total protein and cytosol portion. Lamin Bl serves as an internal control of the nuclear portion. (c)
RAW264.7 cells were treated as indicated for 8 h to perform ChiP-seq analysis using Nrf2 antibodies. A heatmap of differentially binding sites is
shown. TSS: transcription start site. (d) Venn diagram and network plot show the overlapped differential expressed genes and upregulated
biological processes between RNA-seq and ChiP-seq. () WT BMDMs were treated as indicated and incubated with pH-sensitive latex beads.
Immunofluorescence staining was performed using Iba-1 antibodies. n = 4, *p < 0.05 vs. Veh+IgA; ##p < 0.01 vs. 4-Ol+IgA. Scale bar = 10 pm. (f)
The density tracking of Nrf2 binding on Cd36 with ChIP-seq analysis is shown. (g) ChIP assay followed by agarose gel electrophoresis was
performed using Nrf2 antibodies or IgG in RAW264.7 cells. (h) The differential expressed genes are shown with a volcano plot in WT BMDMs
detected using RNA-seq. Cd36 is marked in red. n = 3. (i and j) The expression levels of Cd36 in WT BMDMs were examined using real-time RT-
PCR (i) and Western blotting (j). GAPDH serves as an internal control. n = 5, **p < 0.01 vs. Veh. Data are presented as mean =+ SD. (e) One-way
ANOVA followed Tukey's multiple comparisons test. (i) Two-tailed Student's t-test followed by Welch’s correction.
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Fig. 3: Irg1/itaconate axis regulates macrophage phagocytosis by regulating the Keap1/Nrf2/CD36 axis. (a—c) RAW264.7 cells infected with
indicated mutates were treated as indicated for 8 h. (a, b) Western blotting was performed. GAPDH serves as an internal control of the total
protein and cytosol portion. Lamin B1 serves as an internal control of the nuclear portion. (c) The mRNA level of Cd36 was assessed with real-
time RT-PCR. GAPDH serves as an internal control. n = 3, ***p < 0.001 vs. Veh. ns., not significant vs. Veh. (d and e) RAW264.7 cells infected
with different mutates (with EGFP tags) were treated as indicated for 15 h. The protein level of CD36 was assessed with immunofluorescence
staining. n = 3, *p < 0.05, **p < 0.01 vs. Veh. ns., not significant vs. Veh. Scale bar = 5 pm. (f) Nrf2 siRNA or control siRNA was transfected
respectively into WT BMDMs. The mRNA level of Cd36 was assessed with real-time RT-PCR. n = 5, *p < 0.05, ***p < 0.001 vs. Veh+siCtrl;
###p < 0.001 vs. 4-Ol+siCtrl. (g) Schematic procedure of drug treatment. (h) WT BMDMs were treated as indicated for 8 h and mRNA was
extracted to perform real-time RT-PCR. GAPDH serves as an internal control. n = 4, *p < 0.05, ***p < 0.001 vs. Veh+Veh; ###p < 0.001 vs. 4-
Ol+Veh. (i and j) BMDMs were isolated from EGFP mice and treated as indicated for 15 h. The immunofluorescence staining using CD36
antibodies was performed. n = 3, **p < 0.01 vs. Veh+Veh; #p < 0.05 vs. 4-Ol+Veh. Scale bar = 25 pm. (k) Schematic diagram of Irgl/itaconate
axis promoting macrophage phagocytosis by regulating the Keap1/Nrf2/CD36 axis. Data are presented as mean + SD. (c and d) Two-way
ANOVA followed Sidak’s multiple comparisons test. (f, h, and j) One-way ANOVA followed Tukey's multiple comparisons test.

expression level of Irgl n = 4, p < 0.001 vs. Veh,
Supplemental Fig. S4f and g). 4-Ol also promoted
microglia to engulf beads even under hemin incubation
m = 3 p < 001 Hemin+4-OI vs. Hemin+Veh,
Supplemental Fig. S4h), and 4-Ol-enhanced phagocytosis
in hemin-treated cells was abolished by administering
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Nrf2 inhibitor ML385 (n = 3, p < 0.01 Hemin+4-
OI+ML385 wvs. Hemin+4-OI+Veh, Supplemental
Fig. S4i) and CD36 neutralizing antibodies (n = 3,
p < 0.001 Hemin+4-OI+Ab-CD36 vs. Hemin+4-OI+IgA,
Supplemental Fig. S4j). These results suggest that Irgl/
itaconate axis may promote MM® phagocytosis via the
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Fig. 4: Irg1/itaconate axis promotes macrophage phagocytosis via Nrf2/CD36 axis after ICH in vitro. (a-c) BMDMs isolated from EGFP mice

were exposed to different treatments for 12 h. The time-lapse recording

was performed after adding the pH-sensitive latex beads. The nuclei

were stained with Hoechst dye. White arrows indicate beads-engulfing macrophages. BMDMs calculated for evaluating beads number: Veh
n = 14, Hemin n = 14. Fields calculated for evaluating engulfment (%): Veh n = 4, Hemin n = 4. Scale bar = 10 pm. (d) WT BMDMs were treated
as indicated for 8 h, and RNA-seq analysis was performed. A volcano plot showed the differential expressed genes. Irg1 is marked in red. n = 3.
(e and f) The levels of mRNA (e) and protein (f) of Irg1 in WT BMDMs were examined with real-time RT-PCR and Western blotting. GAPDH
serves as an internal control. n = 5, *p < 0.05 vs. Veh. (g and h) Proteins were extracted from the RAW264.7 cells which were treated as
indicated, and the Western blotting was performed. GAPDH serves as an internal control of the total protein and cytosol portion, and Lamin B1
serves as an internal control of the nuclear portion. (i and j) The mRNA levels of Cd36 (i, n = 9) and protein levels of CD36 (j, n = 4) were

assessed with real-time RT-PCR and immunofluorescence staining. **p < 0.

01 vs. Veh+Veh; ###p < 0.001 vs. Hemin+Veh. Scale bar = 10 pm. Data

are presented as mean = SD. (b and ¢) Two-way ANOVA followed Tukey’s multiple comparisons test. (e) Two-tailed Student's t-test followed by

Welch’s correction. (i and j) One-way ANOVA followed Tukey's multiple

same Nrf2/CD36 axis. In addition, 4-OI also decreased
the inflammatory response in the in vitro cell model of
ICH (n=3 or 6, p < 0.001 Hemin+4-OI vs. Hemin+Veh,
Supplemental Fig. S4k—n), which was consistent with the
role of itaconate in decreasing inflammatory factor pro-
duction in diseases such as ischemia-reperfusion injury,”
lipopolysaccharide (LPS)-induced lethal endotoxemia,'***
and bacterial endophthalmitis.*

To investigate the effects of Irgl on MM® after ICH
in vivo, we generated conditional Irgl knockout mice by
crossing Irg?" /1% with Cx3cr1““*®/* mouse strains
(refers as Irgl cKO) (Supplemental Fig. S5a—d). We first
stereotactically injected PKH26 dye-stained RBCs into
the striata of mice. Compared with the control mice

comparisons test.

(Irg1 flox), MM® (Ibal” cells) in Irgl cKO mice engulfed
fewer RBCs in the perihematomal region (n = 5 animals
including 10 fields, p < 0.05 vs. Irgl flox, Fig. 6a). Next,
we subjected mice to the collagenase injection which is
the most well-established in vivo ICH model (Fig. 6b).
Irg1 cKO mice exhibited a significantly larger hematoma
volume on 5 d post-ICH (n = 10 animals, p < 0.05 vs.
Irg1 flox, Fig. 6c). The delayed hematoma clearance in
Irgl cKO mice ultimately translated into aggravated
neurologic and motor dysfunction (n = 10 animals,
p <0.05 vs. Irgl flox, Fig. 6d). Importantly, Irgl cKO and
control mice had a comparable number (n = 8 animals,
p > 0.05 vs. Irgl flox, Supplemental Fig. S5e and f) and
soma area of MM® in the perihematomal region
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Fig. 5: Irgl/itaconate axis promotes macrophage phagocytosis after ICH in vitro. (a and b) BMDMs obtained from Irg1*’* or Irg1™~ mice
were treated as indicated for 15 h and incubated with PKH26-labeled RBCs. Then, immunofluorescence staining was performed using Iba-1
antibodies. n = 3, *p < 0.05, ***p < 0.001 vs. corresponding Veh; ##p < 0.01, ###p < 0.001 vs. corresponding Hemin; Tp < 0.05 vs. lrgl*/+
BMDMs. Scale bar = 10 pm. (c and d) The Irg1*/* and Irg1”'~ BMDMs were treated as indicated and incubated with pH-sensitive latex beads.
Immunofluorescence staining was performed with Iba-1 antibodies. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. corresponding Veh; ##p < 0.01,
###p < 0.001 vs. corresponding Hemin; tp < 0.05 vs. Irg1*/* BMDMs. Scale bar = 10 pm. (e-g) The Irg1*/* and Irg1”'~ BMDMs were treated as
indicated and incubated with pH-sensitive latex beads. The flow cytometry was performed. n = 4, *p < 0.05, **p < 0.01, ***p < 0.001 vs.
corresponding Veh; ##p < 0.01, ###p < 0.001 vs. corresponding Hemin; p < 0.05, T+tp < 0.001 vs. Irg1*/* BMDMs. (h) The WT BMDMs were
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(n = 65-80 MM® from 7 animals, p > 0.05 vs. Irg1 flox,
Supplemental Fig. S5e and g), indicating that impaired
hematoma resolution was not due to the dysfunction of
migration/recruitment/activation of MM® after ICH.
Moreover, administration of sodium itaconate (Na-
ITA) into Irgl cKO mice rescued hematoma clearance
deficiency (n = 7 animals, p < 0.05 vs. Veh, Fig. 6e) and
neurobehavior dysfunction (n = 9 animals, p < 0.05 vs.
Veh, Fig. 6f), and 4-OI administration into WT mice
accelerated hematoma clearance (n = 7 animals, p < 0.05
vs. Veh, Fig. 6g) and improved neurobehavioral deficits
(n = 6 animals, p < 0.05 vs. Veh, Fig. 6h). Of note, the
number of MM® in the perihematomal region was also
not notably changed after 4-OI administration (n = 4-7
animals, p > 0.05 vs. Veh, Supplemental Fig. S5h and i).
In contrast, mice intracerebroventricularly injected with
Nrf2 siRNA, Nrf2 inhibitor ML385, or CD36 neutral-
izing antibodies exhibited increased hematoma volume
(m =9 or 10 animals, p < 0.05 4-OI+siNrf2 vs. 4-
OlI+siCtrl, or 4-OI+ML385+IgA, 4-OI+Veh+Ab-CD36
vs. 4-OI+Veh+IgA, Fig. 6i and k), and exacerbated neu-
robehavior dysfunction after ICH (n = 10 animals,
p < 005 4-OI+siNrf2 vs. 4-Ol+siCtrl, or 4-
OI+ML385+IgA, 4-OI+Veh+Ab-CD36 Vs. 4-
OI+Veh+IgA, Fig. 6j and 1). These results indicate that
Irgl/itaconate axis enhances erythrophagocytosis of
MM® by regulating Nrf2/CD36 axis after ICH in vivo.

Irgl/itaconate axis enhances macrophage
phagocytosis of S. aureus and improves prognosis
after acute peritonitis

Macrophages constitute the first line of defense against
invading pathogens.* Staphylococcus aureus (S. aureus) is
an opportunistic pathogen that is a leading cause of
hospital-acquired, healthcare-associated, and
community-acquired infections.®* To explore the role
of Irgl/itaconate axis in S. aureus clearance by macro-
phages, we incubated small amounts of S. aureus with
RAW264.7 cells for either 6 or 12 h in vitro. Itaconate
and 4-OI both decreased extracellular S. aureus in me-
dium, indicating that Irgl/itaconate axis promoted
macrophages to engulf S. aureus (n = 3, Supplemental
Fig. S6a). Surprisingly, there were also fewer intracel-
lular S. aureus in cells treated with itaconate and 4-OI,
indicating that Irgl/itaconate axis also promoted mac-
rophages to kill S. aureus (n = 3, Supplemental Fig. S6a).
Meanwhile, we used a classical method to assess the
bactericidal properties of macrophages. The results also
showed that itaconate and 4-OI both decreased intra-
cellular S. aureus in cells (n = 3, Supplemental Fig. S6b).
These results indicate that Irgl/itaconate axis not only

promotes macrophage phagocytosis of S. aureus but also
the killing of S. aureus in vitro.

To investigate the effects of Irgl/itaconate axis on
S. aureus phagocytosis in vivo, S. aureus was intraperi-
toneally injected into mice to establish the acute peri-
tonitis mouse model (Fig. 7a). Peritoneal fluid (PF) was
collected, and peritoneal macrophages (PMs) were iso-
lated from Irgl cKO and control mice at different time
points. PMs from Irgl cKO mice engulfed fewer
S. aureus (n = 80 PMs from 8 animals, p < 0.001 vs. Irgl
flox, Fig. 7b and Supplemental Fig. S6c—e). Consistent
with this, the Irgl cKO mice had a significantly
increased number of extracellular S. aureus in PF (n =5
animals, p < 0.05 vs. Irgl flox, Fig. 7c). Bacterial infec-
tion induces behavioral alterations.” On 3 and 5 d post-
infection, Irgl cKO mice exhibited decreased travel
distance and average speed following S. aureus infection
assessed with open field tests (n = 9 animals, p < 0.05 vs.
Irgl flox, Fig. 7d and Supplemental Fig. S6f). Of note,
the lack of Irgl in macrophages didn’t induce changes
in anxiety-like behaviors or body weight loss (n =8 or 9
animals, p > 0.05 vs. Irgl flox, Supplemental Fig. S6g
and h).

Moreover, neutrophils are important phagocytes
post-bacterial infection,” and we also observed plenty of
bacteria-engulfing neutrophils in PF, although there was
no difference in the number of S. aureus engulfed by
neutrophils between Irgl cKO and control mice
(n = 273-286 peritoneal neutrophils from 6 animals,
p > 0.05 vs. Irgl flox, Supplemental Fig. S6i). Further-
more, we fed mice with PLX5622 to deplete macro-
phages (n = 3 animals, p < 0.05 vs. AIN-76A,
Supplemental Fig. S6j and k)*”° or injected Ly6G
neutralizing antibodies to deplete neutrophils (n = 10
animals, p < 0.001 vs. anti-IgG2a, Supplemental
Fig. S6l-n).”*7? 4-O1 failed to alter the extracellular bac-
teria load in the macrophage-depletion mice (n = 5 an-
imals, p > 0.05 PLX5622+4-OI vs. PLX5622+Veh, Fig. 7e
and f), but still effectively exhibited bacteria clearance
acceleration in the neutrophil-depletion mice (n = 5
animals, p < 0.001 anti-Ly6G+4-O1 vs. anti-Ly6G+Veh,
Fig. 7g and h), strongly suggesting that macrophages
are the main effector cells of Irgl/itaconate axis-
enhanced bacterial clearance.

Discussion

[taconate is an important intermediate metabolite in the
tricarboxylic acid cycle. Irgl is the enzyme catalyzing the
decarboxylation of cis-aconitate to itaconate in the
mitochondria.'””* Itaconate plays a general role in

treated as indicated and incubated with PKH26-labeled RBCs. Immunofluorescence staining was performed. n = 4, *p < 0.05, ***p < 0.001 vs.
Hemin+Veh+IgA; ###p < 0.001 vs. Hemin+4-Ol+IgA. (i) The WT BMDMs were treated as indicated and incubated with pH-sensitive latex beads.
n =4, ***p < 0.001 vs. Hemin+Veh+IgA; ###p < 0.001 vs. Hemin+4-Ol+IgA. Data are presented as mean + SD. (b, d, e, and g) Two-way ANOVA
followed Tukey's or Sidak’s multiple comparisons test. (h and i) One-way ANOVA followed Tukey's multiple comparisons test.
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Fig. 6: Irg1/itaconate axis promotes hematoma clearance and improves acute outcomes after ICH in vivo. (a) Six-to-eight-week-old male
Irg1 cKO mice and littermates (Irg1 flox) underwent injection with PKH26-stained WT RBCs. Brain sections were immunostained with Iba-1
antibodies at 5 d post-injury. White arrows indicate RBCs-engulfing microglia/macrophage. n = 5 animals. Fields calculated for evaluating
RBCs number: Irg1 flox n = 10, Irg1 cKO n = 10. *p < 0.05 vs. Irg1 flox. Scale bar = 10 pm. (b-d) Irg1 cKO and Irg1 flox mice underwent
collagenase injection. Schematic experimental procedure (b), hematoma volume (¢, n = 10 animals), and behaviors (d, n = 10 animals) are
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inhibiting bacterial infections,'®'>**”* intracellular viral
replication,”””' and macrophage inflammation.'*'¢2>7>
However, whether itaconate controls macrophage
phagocytosis and its underlying mechanisms remain
unclear. Here, we demonstrated that both itaconate
addition and Irgl overexpression enhanced macrophage
engulfing multiple substrates: live S. aureus (the gram-
positive bacterium), red blood cells, and dying neuro-
blastoma cells. Notably, deficiency of Irgl-attenuated
phagocytosis was effectively rescued by the administra-
tion of itaconate or its derivate 4-OI. These data suggest
that Irgl/itaconate axis plays an important role in the
regulation of macrophage phagocytosis, a function with
potential applications in the treatment of multiple dis-
eases. Interestingly, a recent report also revealed that
itaconate promoted phagocytosis of E. coli (the
gram-negative bacterium) by bone marrow-derived
macrophages (BMDMs) in vitro,”* suggesting that Irgl/
itaconate axis promoted phagocytosis don’t have sub-
strate selectivity.

Phagocytosis is a multi-step cellular process
involving target cell recognition, cellular engulfment,
and lysosomal digestion, and is regulated by receptor—
ligand interactions between the target cell and the
phagocytes.”” Macrophages clear pathogens, dead/dying
cells, myelin debris, and cell fragments to maintain
tissue homeostasis.”® Scavenger receptors play impor-
tant roles in regulating macrophage phagocytosis.”
CD36 is one of the most well-characterized scavenger
receptors that regulates macrophage phagocytosis by
binding to modified lipids, erythrocytes or apoptotic
cells.® Cells lacking phagocytic abilities acquire phago-
cytic functions following transfection with CD36.*' In
preclinical studies, CD36 affects the clearance and up-
take of hematoma,® myelin debris,* oxidized low-density
lipoprotein,® bacteria,” and apoptotic cells*® in MM®.
In clinic, CD36-deficient patients have markedly larger
hematoma volumes and aggravated neurological deficits
in ICH.* In our study, we found that the gene encoding
CD36 was an overlapped phagocytosis-related gene from
ChIP-seq and RNA-seq analyses, and was a major

effector of Irgl/itaconate/Keapl/Nrf2-promoted phago-
cytosis in vivo and in vitro. Interestingly, although
PPARy is the most-studied transcription factor of
Cd36,* and PPARy agonists promote macrophage
phagocytosis by upregulating CD36 expression,** we
found that treating macrophages with PPARy inhibitor
T0070907 neither affected 4-OI-enhanced CD36 protein
level nor -promoted phagocytosis, which indicate that
Irgl/itaconate axis regulated macrophage phagocytosis
is not through the well-established PPARy signaling
pathway.

Keap1/Nrf2 system forms the major node of cellular
and organismal defense against oxidative and electro-
philic stresses of both exogenous and endogenous ori-
gins.® Itaconate has electrophilic properties and directly
alkylates cysteine residue on the Keapl to promote Nrf2
nuclear translocation, activating anti-inflammatory and
anti-oxidative genes expression.”” In our study, we also
found that 4-OI upregulated Nrf2-dependent anti-
oxidative stress and redox pathways, and anti-
inflammatory response, which was consistent with the
previously discovered effects of itaconate.'***
Furthermore, we uncovered that itaconate activated
Nrf2 to transcribe Cd36 and then enhanced phagocy-
tosis. Indeed, the direct transcription of Cd36 by Nrf2 is
consistent with previous findings generated by our own
lab and others.”***° We next mutated two potential ita-
conation sites on Keapl (cysteine 151 and 288) to
explore the molecular mechanism of Irgl/itaconate axis-
enhanced phagocytosis. [taconate covalent modifies the
cysteine 151 (C151) on Keapl to promote the anti-
inflammation and anti-oxidative effects of Nrf2,'=*
and cysteine 288 (C288) on Keapl was identified as a
potential itaconation site in a high throughput screening
study and hasn’t been well studied.”” Nevertheless, in
our study, C151 was still the most important itaconated
residue on Keapl, which led to Nrf2-dependent phago-
cytosis, but not C288. Consistent with our results, the
central linker domain in which C288 is located at Keapl
is required for cytoplasmic sequestration of Nrf2,”" but
the mutation of cysteine residues in the linker domain

shown. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Irg1 flox. (e and f) Irgl1 cKO mice underwent collagenase injection followed by intra-
cerebroventricular injection of 10 mM Na-ITA (in PBS) or vehicle control (PBS) immediately after ICH onset. The hematoma volume (e, n = 7
animals) and neurobehaviors (f, n = 9 animals) are shown. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Veh. (g and h) WT mice underwent
collagenase injection followed by intraperitoneal injection of 100 mg/kg 4-OI or vehicle immediately after ICH onset. The hematoma volume (g,
n = 7 animals) and neurobehaviors (h, n = 6 animals) are shown. (i and j) Nrf2 siRNA or control siRNA (20 pmol/mouse) was intra-
cerebroventricularly injected at 24 h before ICH, and then 100 mg/kg 4-OI or vehicle was intraperitoneally injected immediately after ICH onset.
The hematoma volume (i, n = 9 animals) and neurobehaviors (j, n = 10 animals) are shown. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Veh+siCtrl;
#p < 0.05, ##p < 0.01, ###p < 0.001 vs. 4-Ol+siCtrl. (k and 1) WT mice underwent collagenase injection followed by intracerebroventricular
injection of 50 pM Nrf2 inhibitor ML385, Anti-CD36 antibody [JC63.1] (1:50), IgA-Isotype Control (1:50) or vehicle immediately after ICH onset.
Then 4-0l was injected intraperitoneally at 2 h post-injury. The hematoma volume (k, n = 10 animals) and neurobehaviors (I, n = 10 animals)
are shown. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 4-Ol+Veh+IgA. Data are presented as mean = SD. (a, ¢, e, and g) Two-tailed Student's t-test
followed by Welch's correction. (d, f, and h) Two-way ANOVA followed Sidak’s multiple comparisons test. (i) One-way ANOVA followed Tukey's
multiple comparisons test. (j and I) Two-way ANOVA followed Tukey's multiple comparisons test. (k) One-way ANOVA followed Dunnett's
multiple comparisons test.
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Fig. 7: Irg1/itaconate axis enhances macrophage phagocytosis of S. aureus and improves prognosis after acute peritonitis in vivo. (a-d)
Male Irg1 cKO and Irg1 flox mice were injected with S. aureus (i.p.). (a) Schematic procedure is shown. (b) Peritoneal macrophages were stained
by Wright-Giemsa staining at 30 min after S. aureus infection. Black arrows indicate macrophage-engulfed S. aureus. n = 8 animals. Peritoneal
macrophages calculated for evaluating intracellular bacteria: Irg1 flox n = 80, Irg1 cKO n = 80. ***p < 0.001 vs. Irg1 flox, Scale bar = 5 pm. (c) The
extracellular S. aureus in peritoneal fluids was cultured on the LB agar plates at 30 min after S. aureus infection. n = 5 animals. *p < 0.05 vs. Irg1
flox. (d) Motor function was examined after peritonitis by open field test. n = 9 animals. *p < 0.05, **p < 0.01 vs. Irg1 flox. (e and f) MM® were
pharmacologically depleted with the PLX5622 chow for 14 d. (e) Schematic procedure. (f) The extracellular S. aureus in peritoneal fluids was
cultured on the LB agar plates at 30 min after S. aureus infection. n = 5 animal. *p < 0.05, ***p < 0.001 vs. AIN-76A+Veh; ns., not significant vs.
PLX5622+Veh. (g and h) Neutrophils were depleted by intraperitoneal injection of 100 pg Ly6G neutralizing antibodies for 4 d. (g) Schematic
procedure. (h) The extracellular S. aureus in peritoneal fluids was cultured on the LB agar plates at 30 min after S. aureus infection. n = 5 animals.
*p < 0.05, **p < 0.01 vs. anti-lgG2a+Veh; ###p < 0.001 vs. anti-Ly6G+Veh. Data are presented as mean + SD. (b and c) Two-tailed Student’s t-
test followed by Welch's correction. (d) Two-way ANOVA followed Sidak’s multiple comparisons test. (f and h) One-way ANOVA followed
Tukey's multiple comparisons test.

does not perturb the ability of Keapl to associate
with Nrf2,”" suggesting that C288 is required for Keap1-
mediated repression of Nrf2 under basal conditions and
Keap1l-dependent ubiquitination of Nrf2, while C151 is
required for induced escape by Nrf2 from Keapl-
mediated repression and Keapl-dependent itaconation
of Nrf2.

To confirm the therapeutic effects of Irgl/itaconate
axis in vivo, we established two mouse models: a
collagenase-induced ICH model and an S. aureus-
injected acute peritonitis model. In the ICH model, we
and others, have previously shown activation of micro-
glia and macrophages in the hemorrhagic brain.*** Both
populations highly express proinflammatory transcripts
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and contribute to acute disability after ICH, and they
both gradually switch toward reparative phenotypes to
aid in ICH brain repair 3-10 days post-hemorrhage.®***
In our study, conditional knockout of Irgl in MM® mice
exhibited impaired erythrophagocytosis, delayed hema-
toma clearance, and aggravated neurobehavior
dysfunction in the subacute phase of ICH, while intra-
peritoneal injection of 4-OI improved outcomes of ICH
mice by enhancing hematoma resolution. These data
indicate that Irgl/itaconate axis improves ICH prog-
nosis by promoting erythrophagocytosis of macro-
phages in vivo. We further demonstrated that Irgl/
itaconate axis in MM® mainly affected their engulfing
ability and the subsequent prognosis in ICH mice via
Nrf2/CD36 axis using Nrf2 silencing, pharmacological
inhibitors of Nrf2 and CD36 neutralizing antibodies
in vivo.

Macrophages are at the crossroads of innate and
adaptive immune responses and play an essential role
in the control of bacterial infections.”* A recent report
revealed that itaconate promoted macrophages to
engulf E. coli in vitro.”* In our study, Irgl/itaconate not
only promoted the killing, but also the phagocytosis of
S. aureus in vitro. In addition, mice with conditional
knockout of Irgl in macrophages also showed phago-
cytosis defects to live S. aureus after peritonitis infec-
tion, thus affecting motor function during infection.
However, intraperitoneal injection of 4-OI improved
peritoneal macrophages to engulf live S. aureus. These
results suggest that Irgl/itaconate axis promotes the
clearance and killing of live bacteria during infection
in vitro and in vivo. To identify the target cells of bac-
terial clearance at 30 min after S. aureus infection
caused by intraperitoneal injection of 4-OI, we
demonstrated that macrophages, but not neutrophils,
were the main effector cells of Irgl/itaconate axis-
enhanced bacterial clearance by depleting macro-
phages or neutrophils. However, a recent report shows
that Irgl is selectively expressed in neutrophils at 24 h
after S. aureus-induced pneumonia, and itaconate
production impairs neutrophil survival and bacterial
killing function.” Therefore, the role of Irgl/itaconate
axis in neutrophils in a long-term can be further
explored in peritonitis in the future.

Our study has some limitations. We only focused on
the acute outcomes of ICH and peritonitis, and a long-
term study is necessary to be conducted in the future.
In addition, administration of 4-OI, siNrf2, ML385, and
CD36 neutralizing antibodies was not specific for mac-
rophages in vivo, so the clearance of hematoma and
S. aureus may be synergistic effects of macrophages and
other cells. Thus, the development of lipid nanoparticles
designed to deliver drugs precisely is a promising
therapeutic strategy.

Overall, we found that in different sources of macro-
phages (mouse bone marrow-derived macrophages, pri-
mary microglia, and peritoneal macrophages), different

disease models (ICH and peritonitis), Irgl/itaconate axis
has a consistent role in promoting macrophage phago-
cytosis and is regulated by a common Keap1/Nrf2/CD36
molecular mechanism. These findings fill a gap in
knowledge regarding the role of itaconate in macrophage
phagocytosis, and also provide a vital foundation to
develop macrophage-based cell therapy or itaconate-based
therapy for treating phagocytosis-related diseases.
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