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Multiomics reveal the central role of pentose
phosphate pathway in resident thymic macrophages
to cope with efferocytosis-associated stress

Graphical abstract

Resident

Thymic
Thymus ---....| Macrophage
Functional Disturbed
PPP PPP
Efferocytosis of Accumulat{on of
apoptotic apoptotic
thymocytes thymoqytes
s == H H v y Y
MerTK AXL HERT ™ % \
Glucose . )Glucose~
Membrane, _,”-_"____-_g:-, Membrane
GGP Fluidity Fluidity
S
F6P
NRF2 NADPH __NADP
j NADPH NADP (o \GSR# NRF2
y GSR# \ GSSG, _ GSH SIRT2
TCA \ GSSG GSH \
cycle
SIRT3 *
MDD
\’HIHG Ny HIF-1a

Failure to fulfil the redox demand leads to
decreased phagocytosis

Cope with the efferocytosis-associated
ROS, maintain high efferocytic capacity

Highlights

TMes are a metabolically and transcriptionally distinct cell
population

The pentose phosphate pathway (PPP) is preferentially
activated in TMeos

PPP supports the reduction-oxidation demands associated
with efferocytosis in TMos

Disturbance in PPP affects the efferocytosis efficiency

Tsai et al., 2022, Cell Reports 40, 111065
July 12, 2022 © 2022 The Author(s).
https://doi.org/10.1016/j.celrep.2022.111065

Authors

Tsung-Lin Tsai, Tyng-An Zhou,
Yu-Ting Hsieh, ..., Chih-Yu Lin,
Ivan L. Dzhagalov, Chia-Lin Hsu

Correspondence
clhsu@nycu.edu.tw

In brief

Tsai et al. present multiomics analyses on
the TMeos population and reveal that PPP
is a crucial metabolic adaptation for
TMes to cope with oxidative stress and
support efferocytosis. These results
highlight the metabolic flexibility of TRMs
and the multifaceted involvement of
metabolic pathways in different biological
settings.

¢? CellPress


mailto:clhsu@nycu.edu.tw
https://doi.org/10.1016/j.celrep.2022.111065
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.111065&domain=pdf

Cell Reports ¢ CellPress

OPEN ACCESS

Multiomics reveal the central role of pentose
phosphate pathway in resident thymic macrophages
to cope with efferocytosis-associated stress

Tsung-Lin Tsai,"-°> Tyng-An Zhou," Yu-Ting Hsieh,! Ju-Chu Wang," Hui-Kuei Cheng," Chen-Hua Huang,? Pei-Yuan Tsai,’
Hsiu-Han Fan,' Hsing-Kai Feng,! Yu-Chia Huang,” Chen-Ching Lin,% Chao-Hsiung Lin,? Chih-Yu Lin,* lvan L. Dzhagalov,’
and Chia-Lin Hsu'-56*

Institute of Microbiology and Immunology, National Yang Ming Chiao Tung University, Taipei 112, Taiwan

2Department of Life Sciences and Institute of Genome Sciences, National Yang Ming Chiao Tung University, Taipei 112, Taiwan

3Institute of Biomedical Informatics, National Yang Ming Chiao Tung University, Taipei 112, Taiwan

4Agricultural Biotechnology Research Center, Academia Sinica, Taipei 112, Taiwan

5Taiwan International Graduate Program in Molecular Medicine, National Yang Ming Chiao Tung University and Academia Sinica, Taipei,
Taiwan

SLead contact

*Correspondence: clhsu@nycu.edu.tw

https://doi.org/10.1016/j.celrep.2022.111065

SUMMARY

Tissue-resident macrophages (TRMs) are heterogeneous cell populations found throughout the body. De-
pending on their location, they perform diverse functions maintaining tissue homeostasis and providing im-
mune surveillance. To survive and function within, TRMs adapt metabolically to the distinct microenviron-
ments. However, little is known about the metabolic signatures of TRMs. The thymus provides a nurturing
milieu for developing thymocytes yet efficiently removes those that fail the selection, relying on the resident
thymic macrophages (TMes). This study harnesses multiomics analyses to characterize TM@s and unveils
their metabolic features. We find that the pentose phosphate pathway (PPP) is preferentially activated in
TMes, responding to the reduction-oxidation demands associated with the efferocytosis of dying thymo-
cytes. The blockade of PPP in Mos leads to decreased efferocytosis, which can be rescued by reactive ox-
ygen species (ROS) scavengers. Our study reveals the key role of the PPP in TMes and underscores the

importance of metabolic adaptation in supporting Mo efferocytosis.

INTRODUCTION

Tissue-resident macrophages (TRMs) are long-lived cells that
exist in distinct microenvironments throughout the body. The
niches they reside provide cues such as nutrient and cytokine
availability, the type of cells they phagocytose, the anchoring
scaffold they interact with, or the length of residency, which
together define the identity and function of TRMs (Blériot et al.,
2020; Gosselin et al., 2014; Guilliams and Svedberg, 2021; Guil-
liams et al., 2020; Zago et al., 2021). For example, interleukin (IL)-
34 and transforming growth factor beta (TGF-B) are produced
and maintained locally in the brain to support microglia survival
and identity (Bohlen et al., 2017; Wang et al., 2012). Splenic
red pulp macrophages are continuously exposed to heme
generated from erythrocyte degradation, which drives their dif-
ferentiation (Haldar et al., 2014). These findings highlight the inti-
mate crosstalk between the microenvironment and TRM specifi-
cation. While genes serve as the blueprints for an organism’s
biological functions, their expression is closely intertwined with
environmental cues. As a result, it is becoming clear that meta-
bolism influences and is influenced by gene expression as
well. The metabolic interplay between the microenvironment
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and TRMs is just starting to be identified. The contribution of
microenvironment-enriched metabolites in TRM imprinting is
demonstrated by retinoic acid, the peritoneal cavity enriched
metabolite that induces the expression of Gata6 for lineage
specification of peritoneal cavity macrophages (PCMes) (Gaut-
ieretal., 2014; Okabe and Medzhitov, 2014). When encountering
microbe challenges, the PCMes are metabolically poised to uti-
lize glutamate, another locally abundant metabolite, to fuel the
inflammatory responses (Davies et al., 2017). Different tissues
have a broad spectrum of metabolic rates (Wang et al., 2010)
and metabolite compositions (Jang et al., 2019), raising inter-
esting questions about how TRMs can metabolically adapt to
and function within distinct microenvironments.

Thymopoiesis, the continual supply of the diverse yet tolerant
T cells, relies on the thymus to provide the selective but nurturing
harbor for developing thymocytes. The thymus is separated from
the circulation to avoid unselected developing thymocytes being
in contact with the peripheral tissues, at the expense of low
nutrient and oxygen availability (Ribatti, 2015). As a dynamic
and competitive process, it is estimated that 95% of newly pro-
duced thymocytes fail the selection and undergo apoptosis.
Apoptotic thymocytes’ efficient removal is a prerequisite step
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Figure 1.

Multiomics analyses revealed that TMes have a distinct metabolic profile

(A) The thymic single-cell suspension was prepared as described in STAR Methods. Under the live, single-cell gating, the CD64*F4/80*CD11b'® TMos or

CD11b*F4/80" PCMes (Figure S1) were sorted (purity > 95%) for further analyses.
(B) The multiomics and validation design of this study.

(C) PCA of metabolomics (n = 3) and transcriptomic (n = 3 to 4) results comparing TM¢s and PCMes (Figure S2).
(D) Identification of the top 10 metabolic pathways that were augmented in TMps compared with PCMes using MetaboAnalyst, n = 3.
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to avoid unwanted auto-inflammation and tissue damage. As the
professional phagocytes in the thymus (Surh and Sprent, 1994),
resident thymic macrophages (TMes) only represent 0.1% of to-
tal cells in the thymus. We comprehensively examined the
phenotype of TMes and defined them as a CD64*F4/
80*MerTK*CD11b' population (Zhou et al., 2021). It is projected
that each TMo is responsible for the clearance of ~50 apoptotic
thymocytes daily, making this cell population a central hub for ef-
ferocytosing and processing cell bodies and biomaterials in the
thymus. We anticipated that TMeos likely have distinctive meta-
bolic features adapting to the thymic environmental factors
and supporting their tissue-specific functional demands.
Efferocytosis is a multistep event to remove apoptotic cells. It
involves tightly controlled recognition, signaling events, and
metabolic regulation (Boada-Romero et al., 2020; Trzeciak
et al., 2021). Disruption of efferocytosis is associated with condi-
tions such as sterile inflammation or autoimmunity (Korns et al.,
2011). As the phagocytes engulf apoptotic cells, they have to
continuously adjust their metabolic programs throughout the ef-
ferocytosis process, and each stage of efferocytosis may rely on
a different or combination of metabolic pathways. The initial con-
tact of apoptotic cells upregulates the expression of glucose
transporter SLC2A1 and aerobic glycolysis, which fuels the
ATP requirements for actin polymerization during phagocytic
cup formation (Morioka et al., 2018). The internalization of
apoptotic cells then triggers the UCP2 to dissipate the mitochon-
drial proton gradient (Park et al., 2011), and promotes fatty acid
oxidation that further supports the tricarboxylic acid (TCA) cycle
and the anti-inflammatory IL-10 production (Zhang et al., 2019).
However, in different tissues, the challenges for efferocytosis are
much more complicated. Each type of TRM needs to remove the
tissue-specific apoptotic cells, which vary in their metabolic
compositions. For example, splenic red pulp Mes remove the
heme-rich senescent red blood cells, while bone marrow-resi-
dent Mes engulf the nucleic acid-packed nucleus expelled
from developing erythrocytes. Tumor-associated M¢s phagocy-
tose cancer cells enriched in glycolysis intermediates such as
glyceraldehyde 3-phosphate, acetyl-coenzyme A (CoA), and
ATP (Ortmayr et al., 2019). The number of apoptotic cells
TRMs need to clear also varies greatly. Microglia and astrocytes
work together to clear 10,000 dead neurons at homeostatic state
per day (Bartheld, 2017; Damisah et al., 2020); TM@s deal with as
many as 50 million apoptotic thymocytes daily (Yates, 2014).
Moreover, the nutrient and oxygen availability differs between
tissues: alveolar Mgs are exposed to 19% of O,, while splenic
Mes exist at 3% of O, (Zenewicz, 2017). Even the proximity to
blood vessels within the tissue affects the cellular behavior,
exemplified by the mammalian target of rapamycin (mTOR)-
dominated anabolic metabolism in perivascular cancer cells (Ku-
mar et al., 2019). Together, these findings highlight the
complexity of efferocytosis, particularly within different tissues.
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In this study, we set out to gain in-depth insights into the meta-
bolic signatures in TM@s. We found that TM¢s were metaboli-
cally distinct from PCMegs. The multiomics analyses revealed
that TMes preferentially used the pentose phosphate pathway
(PPP) for glucose catabolism compared with the PCMgs. Dis-
secting with an in vitro system, we discovered this favorable
usage of PPP is in response to the efferocytosis-associated
reactive oxygen species (ROS) stress and the resulting reduc-
tive-oxidation (redox) demands. Blockade of PPP decreases
the efferocytosis competency, which can be rescued via ROS
scavengers. These findings reveal that TRMs have diverse meta-
bolic features depending on the residence tissues, and uncover
the central role of PPP as a metabolic adaptation for TM¢gs to
support the tissue-specific efferocytosis demand.

RESULTS

TMos have distinct transcriptomic and metabolomic
signatures that are dictated by their microenvironment
The thymus is an organ with limited blood supply under physio-
logical conditions due to the proposed blood-thymus barrier
(Hale et al., 2002). As the professional phagocytes in the thymus
responsible for removing and processing apoptotic thymocytes,
we speculated that the TMgs are metabolically active cells
adapted to the stress associated with efferocytosis under limited
oxygen supply. To understand how TMgs cope with the thymic
microenvironment and tissue-specific demands, we applied an
integrated omics approach on the CD64*F4/80*CD11b' TMos
and PCMegs (Figures 1A and S1). Primary TMges and PCMeos
were sorted and subjected to ultra performance liquid chroma-
tography-mass spectrometry (UPLC-MS) and RNA sequencing
(RNA-seq) analyses (Figure 1B). Principal component analysis
(PCA) showed a marked difference between TMes and
PCMegs in their intracellular metabolite contents (Figure 1C,
left). The transcriptomic results further confirmed the distinction
between TM¢s and PCMeos (Figure 1C, right). These results
show the apparent metabolomic differences are accompanied
by the transcriptomic changes. The active metabolic pathways
in TM@s and PCMeos were identified (Figures 1D and S2) through
analyzing the metabolomic results, and distinct metabolic pro-
files between these Mo populations were observed. Similar to
the finding demonstrating that apoptotic-derived arginine drives
efferocytosis (Yurdagul et al., 2020), we found that the arginine
and ornithine metabolism is one of the most active metabolic
pathways in TMes. The gene set enrichment analysis (GSEA)
with a focus on the Kyoto Encyclopedia of Genes and Genomes
database (KEGG)-defined metabolism pathways revealed that
the TMes have more active fatty acid and lipid biosynthesis,
and amino acid, pyrimidine, and glutathione metabolism
compared with PCMeos (Figure 1E). In contrast, PCMos are
active in arachidonic acid and retinol metabolism (Figure S2).

(E) GSEA of transcriptomic results showing the top 30 KEGG metabolic pathways that are active in TM¢@s compared with PCMgs.
(F) Joint transcriptomics and metabolomics analysis visualized using GAM (Genes and Metabolites) web-service and Cytoscape open source platform. The
upregulated genes are labeled with lines and the metabolites as the circle. Gray represents undetected compounds. The size of the circle or the stick represents

the significance of the p value.

(G) The enriched KEGG metabolic pathways in TMes were identified by combining metabolomic and transcriptomic analyses.
The percentage of match was computed by (# of significant upregulated genes and metabolites identified in TMos)/(# of KEGG defined pathway associated

factors). p value was calculated by Fisher’s exact test.
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We then combined the metabolomic and transcriptomic data
into a joint pathway analysis and identified the major metabolic
modules in TMeos (Figure 1F), with the corresponding enriched
pathways listed in Figure 1G. These results suggest that the
Mes have the plasticity to utilize distinct metabolic pathways
that best fit the niche of their resident tissue. Among the ex-
tracted results from multiomics analyses, we were particularly
intrigued by the higher PPP activity observed in TM¢gs. As an
alternative glucose utilization pathway, PPP is known as a multi-
faceted metabolic hub. Disturbances in PPP lead to diverse
pathologies, including the hemolytic anemia, diabetes, and can-
cer. However, the contribution of PPP in TRMs has not been
explored before. Different from glycolysis, PPP generates
NADPH instead of ATP. It is involved in fatty acid metabolism
as well as purine/pyrimidine metabolism, which are also identi-
fied as highly active metabolic pathways in TMes, implying a
potential central role of PPP in this population.

The preferential usage of PPP in TMes is closely
associated with the oxidative stress and the
phagocytosing and degradative demands

In addition to routing glucose into nucleotide and amino acid
biosynthesis, PPP is also a major pathway for cellular redox ho-
meostasis (Figure 2A). Having noted the active PPP in TMos, we
wondered if it is a metabolic adaptation to the thymic microenvi-
ronment. We compared the abundance of PPP intermediates in
TMeos and PCMegs from the UPLC-MS results and found that the
PPP-associated metabolites were highly enriched in TM¢s (Fig-
ure 2B). Intracellular ROS levels were measured, and an increase
in ROS was detected in TMos compared with PCMeos (Fig-
ure 2C). These results indicate the ongoing need to reduce the
oxidative stress-induced damage in TMes. In agreement with
the observation of cellular ROS, we found that TMgs had a signif-
icantly higher level of Hifla compared with PCMes (Figure 2D).
Immunofluorescent staining of thymic slices also showed strong
HIF-1a signals in TMeos (Figures 2E and S3), corroborating that
TMes were under high oxidative stress.

Every cell has a well-orchestrated antioxidant system to bal-
ance the level of oxidants and maintain redox homeostasis (Muri
and Kopf, 2020). We examined the expression levels of genes
known to participate in redox homeostasis: Sirtuin 2, 3
(SIRT2, SIRT3) (Singh et al., 2018) and NF-E2-related factor 2
(Nfe2l2, NRF2) (Tonelli et al., 2018). SIRTs are nicotinamide
adenine dinucleotide (NAD)-dependent histone deacetylases
(HDACs). SIRT2 deacetylates targets associated with antioxi-
dant- and redox-mediated response, including glucose
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6-phosphate dehydrogenase (G6PD), the critical enzyme in
PPP that produces NADPH counteracting oxidative stress dam-
age. SIRT3 modulates ROS production via the deacetylation of
enzymes responsible for ROS reduction, such as superoxide
dismutase 2 (SOD2) and isocitrate dehydrogenase (IDH2). At
steady state, NRF2 is a master regulator of antioxidant genes
belonging to the leucine zipper family of transcription factors.
NRF2 is associated with Kelch-like ECH-associated protein 1
(KEAP1) in the cytosol and undergoes constant proteasomal
degradation. Oxidative stress leads to the dissociation of
NRF2 from KEAP1 and stabilizes NRF2 for nuclear translocation
and binding of antioxidant response elements (AREs). Consis-
tent with ROS’s elevation in TM¢s, expression profiling showed
the significant upregulation of Sirt2 and Sirt3 (Figures 2F and
2G), and the accumulation of NRF2 in TMes compared with
PCMes (Figure 2H). Consistently, upregulation of NRF2 down-
stream genes was observed in TMes (Figure S4A). We
reasoned that the elevated ROS in TMgs imposed the need
for the redox balance, which calls for the active participation
of PPP. These results together suggest that TM¢s and
PCMegs are metabolically distinct resident Mes populations,
and the high oxidative stress in TMes is likely the reflection of
their distinctive microenvironment.

Oxidative stress is intimately linked to oxygen availability. As
the thymus is relatively low in oxygen supply, we deliberated if
the metabolic adaptation of PPP in TM¢s reflects the thymic ox-
ygen tension or is related to the microenvironment-specific func-
tional demands. To delineate these two possibilities, single-cell
RNA-seq (scRNA-seq) of the thymic myeloid cell population
was performed (Zhou et al., 2021) using the Csf1r-GFP (MaFIA)
transgenic mice (Burnett et al., 2004). Seven major myeloid cell
subsets were identified in the thymus, including monocyte,
TMe, and dendritic cell (Figure 2I). All myeloid cells expressed
various levels of Hifla echoing the shared low oxygen tension,
but TMos had the highest expression level compared with the
other subpopulations. Interestingly, only TM¢s, monocyte, and
cDC2 had high expression of G6pdx, the rate-limiting enzyme
in PPP. We found that the TM@s exclusively have the dominant
expression of Mertk, a member of the Tyro-AxI-MerTK (TAM)
family of receptor tyrosine kinases (Figure 2J). MerTK is the re-
ceptor that mediates the binding and phagocytosis of apoptotic
cells (Zagorska et al., 2014). These results confirmed that TMes
are the primary cell population in the thymus responsible for
removing apoptotic thymocytes, and the high expression of
HIF-1a in TMeos is not a general response to the low oxygen
availability in the thymic microenvironment. Instead, it is likely

Figure 2. Oxidative stress responsive factors were upregulated in TMos

(A) PPP is the major pathway for cellular redox homeostasis.

(
(
(
(

B) Heatmap showing the abundance of PPP intermediates in TMgs compared with PCMes detected by UPLC-MS (n = 3).

C) The intracellular ROS level of TMgs and PCMes (n = 3) was evaluated by CellROX staining followed by flow-cytometric analysis.

D) The expression of Hif1a in TM@s and PCMegs was evaluated by gPCR (n = 3).

E-H) Thymic slice was immuno-stained with anti-HIF-1a, anti-MerTK, and DAPI for nucleus staining (E) (Figure S3). Scale bar, 10 um. The mRNA levels of Sirt2 (F),

Sirt3 (G), and the protein level of NRF2 (H) in TM@s and PCM¢s were measured by gPCR and flow cytometry, respectively (n = 5).

The expression levels were calculated relative to Rp/719, change in mean fluorescence intensity (AMFI) was calculated by MFI minus fluorescence minus one
(FMO) reading. The expression of NRF2-regulated genes in TMgs and PCMegs is shown in Figure S4A.

(I) scRNA-seq analysis of thymic myeloid cells using MaFIA mice. Distinct myeloid subpopulations were identified, including the TM¢ population.

(J) Violin plots generated from the scRNA-seq results show the expression levels of Hif1a, Mertk, and G6pdx among the identified thymic myeloid subpopulations.
Data shown are means + SEM. Unpaired two-tailed Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Efferocytosis of apoptotic thymo-
cytes is sufficient to augment the oxidative
stress and increases the redox demand in
Meos

(A) RNA-seq analysis of BMDMs treated with
apoptotic thymocytes was subjected to GSEA.
The significant enrichment biological processes
of the lysosome, glutathione metabolism, and nic-
otinate/nicotinamide metabolism were identified.
(B) Metabolome analysis to identify the enriched
metabolic pathways in BMDMs that efferocytosed
apoptotic thymocytes, n = 3.

(C) The enriched KEGG metabolic pathways in
BMDMs upon apoptotic thymocyte efferocytosis

B were identified by joint metabolomic and tran-
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prompted by their tissue-specific functions, such as the efficient
removal of apoptotic thymocytes.

Efferocytosis is accompanied by oxidative stress

The information obtained from thymic myeloid cell scRNA-seq
prompted us to speculate that the removal of apoptotic cells, ef-
ferocytosis, is a significant source inducing the oxidative stress
in Mos. We performed transcriptomic and metabolomic ana-
lyses on bone marrow-derived macrophages (BMDMs) treated
with apoptotic thymocytes to test this possibility. The GSEA
showed that the treatment with apoptotic thymocytes was
accompanied by an increase in lysosomal activity and resulted
in the enrichment of the KEGG pathway for glutathione meta-
bolism and nicotinate and nicotinamide metabolism, implying
that active efferocytosis is associated with redox needs (Fig-
ure 3A). Furthermore, the upregulation of NRF2 downstream
genes in response to the efferocytosis-induced oxidative stress
was observed in these Mos (Figure S4B). The metabolomic
and transcriptomic profiling and activity measurements also
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BMDMs with apoptotic thymocytes in a
low-O, condition (defined as 5% O,
similar to the level found in the thymus
in vivo; Braun et al., 2001; Hale et al., 2002), we observed an
elevation of cellular ROS levels (Figure 4B) and the accumulation
of HIF-1a. (Figure 4C), recapitulating the phenotypes noted with
ex vivo TMgs. These results suggested that the efferocytosis
of apoptotic thymocytes was accompanied by oxidative stress
under this thymic-mimicking condition. The apoptotic thymo-
cyte-engulfing BMDMs augmented the expression of Sirt2 and
Sirt3 (Figures 4D and 4E) and had an evident accumulation of
NRF2 (Figure 4F) to buffer the excess ROS stress. Under this
condition, apparent upregulation of G6pdx was observed (Fig-
ure 4G), suggesting the launch of PPP flux. These apoptotic
thymocyte-engulfing BMDMs showed a similar metabolic profile
as ex vivo TMes by metabolomic analysis (Figure 4H), further
supporting the notion of PPP activation as a metabolic adapta-
tion to process the efferocytosis-associated stress for TMes.
PPP contributes to redox homeostasis via glutathione, the
cellular scavenger for hydroxyl radicals, singlet oxygen, and
electrophiles. In healthy cells, the majority of the total glutathione
pool is in the reduced form (GSH), which is mainly generated via
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the conversion of oxidized glutathione (GSSG) by glutathione
reductase (encoded by Gsr) with NADPH from the PPP. The up-
regulation of Gsr was observed in apoptotic thymocyte-engulf-
ing BMDMs (Figure 4l), again verifying the ongoing redox de-
mand in these cells. The ratio of GSH/GSSG present in the cell
is a crucial factor for the proper maintenance of the oxidative bal-
ance of the cell. While GSH serves as the first line of defense
against oxidative stress, GSSG accumulates when cells are
exposed to increased levels of oxidative stress. Leukemia cells,
for example, reprogram their GSH synthesis to cope with hypox-
ia-induced oxidative stress (Goto et al., 2014). Both GSH (Fig-
ure 4J) and GSSG (Figure 4K) increased significantly while the
GSH/GSSG ratio had a marked decrease (Figure 4L) in these
apoptotic thymocyte-engulfing BMDMs, indicating the ongoing
oxidative stress. Consistent with the engagement of the GSH/
GSSG circuit, the apoptotic thymocyte-treated BMDMs had
an augmented NADP/NADPH ratio (Figure 4M) due to the
decreased NADPH pool supporting the generation of GSH.
Together, these results revealed the active metabolic adaptation
to the high redox demands in Mes when performing efferocyto-
sis and explained the favorable PPP usage in TMgs.

Efferocytosis-associated redox demand drives the
preferential glucose flux into PPP

To this point, the results from multiomics analyses on TM¢s and
the in vitro experiment on efferocytosing BMDMs under low O,
availability converged on the redox demands and suggested
the active involvement of PPP. As an alternative glucose catab-
olism pathway, PPP branches from glucose 6-phosphate (G6P)
to produce NADPH and ribose 5-phosphate (R5P) (Figure 5A).
We examined if efferocytosis affected the glucose uptake and
observed the significantly increased 2-NBDG (2-(N-(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose, a fluores-
cent glucose analog) accumulation in BMDMs treated with
apoptotic thymocytes (Figure 5B). To follow the glucose flow
and evaluate its flux into glycolysis and PPP, we performed a
3Cs-glucose tracing experiment under both normoxia (20%
0O,) and the thymic microenvironment-mimicking condition (5%
0,). We noted that the efferocytosis of apoptotic thymocytes
accelerated glucose catabolism compared with the no-treat-
ment group under both conditions (Figure 5C). However, the
glucose flux to glycolysis and generation of 3PG was not altered
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by efferocytosis (Figure 5D). Instead, an apparent increase of
PPP intermediates, including Ru5P/Xu5P, R5P, and S7P, was
observed in the presence of active efferocytosis (Figure 5E).
Together, these results demonstrated that Mes increase
glucose uptake and shunt the glucose to PPP upon the efferocy-
tosis of apoptotic thymocytes. These results suggest that the
preferential usage of PPP in TMe is likely a result of handling
the efferocytosis demand in the thymic microenvironment.

Activated PPP supports the efferocytosis capacity of
Mos

Having demonstrated the link between efferocytosis and PPP
usage, we pondered the functional importance of the PPP flux
in active scavenging Mes. PPP is the primary source of
NADPH, which is used for glutathione reduction, fatty acid syn-
thesis, and pyruvate oxidation to malate. Excessive ROS have
been shown to stiffen the Mps membrane and cytoplasm, thus
reducing the phagocytic activity (Agarwal et al., 2020). On
the other hand, the fatty acid composition on the plasma
membrane has been closely linked to the phagocytic capacity
(Schumann, 2016), highlighting the importance of fatty acid
synthesis in actively phagocytosing Megs. To test if the active
PPP supports the efferocytosis-associated events, we applied
6-aminonicotinamide (6-AN), an inhibitor of glucose-6-phos-
phate dehydrogenase (G6PD) (Preuss et al., 2012), to BMDMs.
We found that BMDMs had decreased efferocytosis and its
associated ROS when PPP flux was blocked by 6-AN treatment
(Figures 6A and 6B). The PPP blockade-induced reduction of ef-
ferocytosis was associated with the downregulation of the
apoptotic cell sensors MerTK and AXL (Figures 6C and 6D)
and altered membrane fluidity (Figure 6E), but not with cytoskel-
eton dynamics (Figure 6F). Yurdagul et al. (2020) showed that
apoptotic cell-derived arginine and ornithine drive the polyamine
biosynthesis in Mgs. Interestingly, arginine biosynthesis is also a
top hit in our metabolomic analysis (Figures 1D and 3B), and we
found efferocytosis triggered the polyamine synthesis (Fig-
ure 6G). Although blockade of PPP did not significantly alter
polyamine synthesis, likely due to 6-AN-mediated inhibition of
efferocytosis, N-acetylcysteine (NAC), the thiol-containing anti-
oxidant that scavenges ROS, notably reduced it (Figure 6H).
These results imply that PPP and polyamine biosynthesis likely
converge at ROS. To further validate the observations with

Figure 4. In vitro efferocytosis of apoptotic thymocytes under a thymic microenvironment-mimicking condition recapitulates the oxidative

stress observed in TMos

(A) llustration of the experimental setup for the in vitro culture system. BMDMs were treated with dexamethasone-induced apoptotic thymocytes for 24 h under

5% O, condition and harvested for analysis.

(B) The intracellular ROS level of apoptotic thymocyte-treated BMDMs was evaluated by CellROX staining and analyzed by flow cytometry (n = 3).

(C—E) HIF-1a expression was determined by immunostaining followed by flow-cytometric analysis (n = 6) (C). The induction of Sirt2 (D) and Sirt3 (E) by apoptotic
thymocyte treatment in BMDMs were evaluated by gPCR (n = 3). The expression levels were calculated relative to Rp/19.

(F) The amount of NRF2 in BMDMs was quantified by immunostaining followed by flow-cytometric analysis (n = 3). AMFI was calculated by MFI minus isotype
control value. The upregulation of NRF2 downstream genes upon efferocytosis is shown in Figure S4B.

(G) The expression of G6pdx in BMDMs was determined by gPCR (n = 6).

(H) The top 10 metabolic pathways augmented in BMDMs upon efferocytosing apoptotic thymocytes were identified by metabolomic analyses (n = 3).
() The induction of Gsr in apoptotic thymocytes-treated BMDMs was measured by gPCR (n = 6).
(J-L) The concentration of (J) GSH and (K) GSSG in BMDMSs upon treatment was measured by luminescent-based assay (n = 3), with the GSH/GSSG ratio

shown in (L).
(M) The NADP/NADPH ratio was evaluated with colorimetric assay (n = 4).

Data shown are means + SEM. One-way ANOVA, *p < 0.05, **p < 0.01, **p < 0.001, n.s., no significance.
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6-AN treatment, small interfering RNAs (siRNAs) to Nfe2/2 and
Gclc were applied to BMDMs. While NRF2 is the key component
in response to oxidative stress, GCLC participates in the first and
rate-limiting step in glutathione biosynthesis. Consistent with
PPP inhibition results, downregulation of NRF2 (Figure 6l) or
GCLC (Figure 6J) both significantly affected the efferocytosis
of Mgs. These data demonstrate a strong association between
redox capacity and phagocytosis efficiency. Together, these re-
sults suggest that efferocytosis diverts the glucose flux to PPP to
counter the oxidative stress and support the continual engulf-
ment of apoptotic cells in Mgs.

Dampening the PPP impairs the efficient efferocytosis
and apoptotic thymocyte clearance in the thymus

A thymic explant system was devised to test if the effect of PPP
blockade on efferocytosis holds true for TMes. 6-AN was
directly injected into the ROSA26%FF thymic lobe, incubated,
and processed to evaluate the phagocytic capacity in TMes (Fig-
ure 7A). Since all thymocytes are endogenously labeled with GFP
in the ROSA26%™ thymus, the engulfment of apoptotic thymo-
cytes in the TMgs can be evaluated by GFP intensity. Decreased
phagocytosis of apoptotic thymocytes was observed in the
6-AN-treated TM@s compared with the solvent control (Fig-
ure 7B), validating the importance of PPP flux in supporting
TMes efferocytosis ex vivo. The reduced efferocytosis in 6-AN-
treated TMoes was accompanied by decreased oxidative stress
(Figure 7C), solidifying the causal link between efferocytosis
and induction of oxidative stress. A similar observation was
found in the dexamethasone-induced thymus injury model (Fig-
ure S7). To demonstrate the physiological consequence of PPP
in TMos, we performed an intrathymic injection of 6-AN and
observed the significant accumulation of apoptotic cells in the
thymus in vivo (Figures 7D and 7E). Together, these results re-
vealed that TMgs undergo metabolic adaptation in response to
the thymic-specific functional demand of efficiently removing
apoptotic thymocytes.

Knockdown G6PD affects the phagocytic capacity of
human Mos

G6PD is the enzyme in PPP responsible for converting G6P to 6PG
and is coupled to the reduction of NADP to NADPH. The G6PD
deficiency is the most common inherited enzymopathy, with
more than 200 known mutations. It is notable that no known human
or murine null mutant has been observed, and some residual
enzyme activity is found in all mutant cases (Longo et al., 2002).
While G6PD-deficient patients are mostly asymptotic, they can
develop acute hemolytic anemia (AHA) when triggered by fava
beans or certain drugs (Luzzatto et al., 2020). Some of these
G6PD patients experience severe bacterial infections and
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increased frequency of sepsis, possibly due to the inability to pro-
duce enough NADPH during oxidative burst (Corrons et al., 1982).
However, G6PD deficiency is also related to autoimmune dis-
eases, including systemic lupus erythematosus (SLE) (Fuijii et al.,
2015), the autoimmune disease associated with defects in the
clearance of apoptotic cells (Elliott and Ravichandran, 2010;Maha-
janetal., 2016). We wondered if defective PPP could be one of the
pathogenic factors contributing to the autoimmunity association in
G6PD deficient patients due to Mes’ reduced capacity to efferocy-
tose. To test this possibility, we used siRNA to knock down G6PD
in the human monocytic cell line THP-1-derived Mes (Figure 7F).
When co-cultured with apoptotic thymocytes, these G6PD knock-
down Mos were less efficient in phagocytosing apoptotic cells
(Figure 7G), implying that ineffective apoptotic cell clearance
may be a risk factor contributing to autoimmunity development
in G6PD patients. To test if loss of redox buffering is the major
contributor dampening efferocytosis in G6PD knockdown Mes,
NAC was added to the G6PD knockdown Mgs. NAC treatment
significantly rescued the efferocytosis capacity in these G6PD
knockdown Mgs, althoughiit did not reach control level (Figure 7G).
We further validated that the G6PD knockdown-induced defect in
efferocytosis could be reversed by the presence of glutathione-
reduced ethyl ester (GSH-MEE), a membrane-permeable deriva-
tive of GSH that supplements the intracellular GSH and reduces
reactive species (Figure 7G). Together, these results provided ev-
idence linking PPP and the efferocytosis-induced redox demandin
human Mes and implied a potential therapeutic direction to
decrease the autoimmunity risk in G6PD-deficient patients.

DISCUSSION

In summary, the present study uncovers the distinctive meta-
bolic program of the resident TM¢es. The comparison between
TMeos and PCMes is an example signifying that different TRMs
have distinct metabolic profiles, depending on their microenvi-
ronment and functional demands. Our results provide a glimpse
into TRM metabolism, and, perhaps more importantly, a demon-
stration of Mes’ flexibility to metabolically adapt to their microen-
vironment. It is highly possible that each TRM population, which
vary extensively in function, has its diversified metabolic pro-
gram. It is also conceivable that the steady-state metabolism
can be rapidly realigned upon pathogen challenge and metabolic
disturbance or gradually changed along the aging process. The
multiomics analyses in this study show how transcriptional
regulation is closely intertwined with cellular metabolism. While
advances are being made in gene manipulation, adjustment
of cellular metabolism may serve as another powerful tool to
modulate the Me function. With the apprehension of how Me
abnormalities have been associated with various diseases

Figure 5. Efferocytosis drives PPP flux in Mos
(A) Simplified illustration of glycolysis and PPP.

(B) The glucose uptake in BMDMs was monitored by measuring the 2-NBDG fluorescence by flow-cytometric analysis. AMFI was calculated by MFI minus
BMDM autofluorescence value (n = 6). To follow the glucose flux, major metabolic intermediates in the glycolytic pathway and PPP were monitored by

3Ce-glucose tracing.

(C-E) The BMDMs were treated with apoptotic cells and then pulsed with "3Cg-Glucose for 120 min, and subjected to liquid chromatography-mass spectrometry
(LC-MS) analysis (n = 3). **Cg-labeled G6P (C), glycolysis (D), and PPP intermediates (E) in efferocytosing BMDMs. Data shown are means + SEM. Unpaired two-

tailed Student’s t test, *p < 0.05.
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Figure 6. PPP supports the efferocytosis capacity of Mos

(A) The efferocytosis competency upon 6-AN treatment was examined via detecting the fluorescence emitted from pHrodo-labeled apoptotic cells that had been
phagocytosed by BMDMs (n = 6).

(B) The efferocytosis-associated cellular ROS level upon 6-AN treatment in BMDMs was measured by CellROX staining.

(C and D) The surface expression of apoptotic cell sensors MerTK (C) or AXL (D) upon PPP blockade (n = 3) was measured by flow-cytometric analysis.

(E) Evaluation of membrane fluidity upon 6-AN treatment (n = 5).

(F) The impact of 6-AN on efferocytosing BMDM cytoskeleton dynamics was measured via F-actin staining (n = 9).

(G and H) The polyamine synthesis in BMDMs (G) upon efferocytosis (n = 5) or (H) in the presence of 6-AN or ROS scavenger (n = 4).

(Iand J) The knockdown efficiency of Nfe2/2 (l) and Gclc (J) and the resulting impacts on BMDM phagocytosis capacity (n = 5).

Data shown are means + SEM. Unpaired two-tailed Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. Disturbance of PPP affects efferocytosis and apoptotic cell clearance in the thymus and human Mes

(A) lllustration of the experimental procedures of the PPP blockade in the thymic explant.

(B and C) The efferocytosis capacity of TM¢s upon 6-AN treatment was measured by GFP intensity (B), while the cellular ROS level was determined by CelROX
staining via flow cytometry (C) (n = 3).

(D) In vivo alteration of PPP in the thymus via intrathymic injection.

(E) The accumulation of apoptotic cells upon treatment was measured by Annexin V binding assay and showed in Annexin V* percentage (n = 3-4).

(F) The knockdown efficiency of siRNA to G6PD in THP-1-derived Mes was determined by gPCR (n = 3). The expression levels were calculated relative to GAPDH.
(G) The efferocytosis performance in G6PD knockdown THP-1-derived Mgs and the effects of ROS scavengers, NAC and GSH-MEE, were evaluated by the
pHrodo fluorescence intensity generated from phagocytosed apoptotic cells (n = 3).

Data shown are means + SEM. Unpaired two-tailed Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.
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(Cox et al., 2021), further understanding of different TRMs with
multiomics approaches may be of use for exploring therapeutic
opportunities.

The preferential usage of PPP in TMes and apoptotic thymo-
cyte-phagocytosing BMDMs highlights the versatility of this
pathway. The contribution of PPP has been noted for the pro-
duction of proinflammatory cytokines in M1-M¢ (Muri and
Kopf, 2020), the generation of ROS via NADPH oxidase
(NOX2), and the antioxidant capacity during the resolution of
infection (Koo and Garg, 2019). However, as TRMs are pro-
grammed to remove apoptotic cells silently (Roberts et al.,
2017), they do not need PPP to fuel the inflammation-associated
events under homeostatic conditions. PPP also supplies building
blocks for nucleotide and fatty acid synthesis; however, as a
differentiated and not highly proliferative population, TMes
have low demand for DNA synthesis. We do not rule out newly
made nucleotides being used to modulate cell function via long
non-coding RNA or microRNAs (O’Neill et al., 2016) in TMes;
however, targeted analyses are required to test this possibility.

We demonstrated that the association between efferocytosis
and PPP is linked to surface expression of apoptotic cell sensors
and membrane fluidity, likely the reflection of how PPP contrib-
utes to the maintenance of redox balance. Loss of redox homeo-
stasis results in the accumulation of O,-derived free radicals that
leads to lipid peroxidation of the polyunsaturated fatty acids in
the membrane phospholipids. The peroxidation of membrane
lipids disrupts the assembly of cell membranes, which inevitably
affects membrane fluidity and lipid-protein interaction dynamics
(Catala, 2014). The application of ROS scavengers is sufficient to
partially rescue the efferocytosis under PPP blockade, validating
the idea that one of PPP’s roles during efferocytosis is to
neutralize the ROS. It is also plausible that PPP contributes
to the fatty acid synthesis demands during efferocytosis, as
enhanced phospholipid synthesis is crucial for the development
of Mes filopodia and cellular organelles such as lysosomes,
endoplasmic reticulum (ER), and Golgi network (Ecker et al.,
2010). Interestingly, PPP has little to no impact on the dynamic
of actin cytoskeleton remolding, suggesting that the transition
between monomeric and filamentous actin is supported by other
pathways, such as non-canonical glutamine transamination
(Merlin et al., 2021). When probing the involvement of non-ca-
nonical glutaminolysis in TMgs, we found that the expression
glutamine transporter, ASCT2, or the glutaminase-1 (GLS) is
not enriched in TMes (Figure S6), implying the existence of differ-
ential metabolic preferences in TRMs.

A recent study by He et al. (2022) showed that PCMgs down-
regulate PPP upon efferocytosis. They showed that a PPP
agonist, AG1, reduces phagocytosis and enhances the inflam-
matory phenotype of PCMes. This seemingly contradicting
result is an excellent example demonstrating the distinct meta-
bolic adaptation in different TRMs. PCMes are active in arachi-
donic acid metabolism (Figure S2), which reflects the peritoneal
cavity-specific metabolite milieu (Davies et al., 2017). The
metabolite composition in the thymic interstitial fluid has not
been explored but will be an interesting future direction to pur-
sue. It is highly plausible that these environmental cues predis-
pose the metabolic characteristics of TRMs and lead to diverse
responses to challenges. These results together highlight that
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the same metabolic pathway can serve various cellular activities
depending on the environmental demands.

Consistent with Zhang et al. (2019), we noted the activation of
fatty acid metabolism in TM¢s, suggesting that the elevation of
cellular ROS may be the product of increased fatty acid oxidation
in TMos and efferocytosing BMDMs. The thymus is an immune-
tolerant microenvironment that has abundant expression of the
type 2 cytokine IL-4 (Miller et al., 2018). It is also plausible that,
to maintain the alternatively activated state of TMes, the
SREBP-1-mediated de novo lipogenesis consumes NADPH (Bi-
dault et al., 2021), which contributes to the rise of ROS levels.
Another possible scenario for ROS elevation upon efferocytosis
is the need for LC3-associated phagocytosis (LAP) to process
the engulfed dying cells (Boada-Romero et al., 2020). We did
observe the colocalization of LC3 and TUNEL" apoptotic cells
in the TMeos (Figure S8), suggesting that LAP is active in this
cell population. However, further investigation is needed to
address the involvement of LAP for TMeos efferocytosis.

The functional demand to constantly remove failed-selection
thymocytes poses an enormous metabolic burden on TMes. The
engulfment of the apoptotic cell is an energy-consuming event
as ATP is required for the actin dynamics and cytoskeletal rear-
rangements. It has been shown in vitro that Mes increase glucose
uptake (Morioka et al., 2018) and convert glutamine through non-
canonical transaminase pathways (Merlin et al., 2021) to fuel the ef-
ferocytosis. However, TRMs face additional challenges such as
the nutrient and O, availability or the composition of interacting
cells, which vary greatly among tissues. Taking tumor-associated
Mes, for example, cancer cells and immune effector cells compete
for limited glucose availability. This competition drives TAMs pref-
erentially employing oxidative phosphorylation and expressing the
immunosuppressive programmed death-ligand 1 (PD-L1) (Vitale
et al., 2019). It is unclear if the specific “metabolite secretome”
released from the tissue microenvironment or the act of processing
the cellular contents of apoptotic cells regulates the metabolic pro-
gram of TRMs. Moreover, different modes of cell death induction
release different pools of metabolite (Medina et al., 2020). The dis-
parities or similarities among different TRMs’ metabolic features
remain to be investigated. Future in-depth analyses focusing on
different metabolite-sensing modules (Wang and Lei, 2018) in
TRMs may shed light on how the microenvironmental secretomes
shape cellular metabolism.

Once the apoptotic cell is engulfed, the M¢s need to process
large quantities of biomaterials, including membrane, nucleic
acids, and cell-type-specific abundant substances. These cellular
components are degraded, utilized, or exported out of Mes for
redistribution to neighboring cells. The apoptotic cell-derived argi-
nine and ornithine, for example, can promote the production of
putrescine and activate the Rac-1-mediated efferocytosis (Yurda-
gul et al., 2020). We found that the key enzymes in polyamine
synthesis, Odc1 and Sat1, are both highly expressed in TMos,
suggesting a similar regulatory mechanism may exist in TRMs,
including Mes in atherosclerotic lesions and TMes. Among
TRMs, TMes are particularly active in decomposing the cell debris
and expelling the biomaterials needed for the fast proliferating thy-
mocytes, a demand that requires metabolite transporters expres-
sion program. It is tempting to speculate that TRMs share the core
metabolite transporter program yet have specialized features
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depending on their local microenvironment. Moreover, it is an
exciting topic for future studies to investigate the role of TMes
as a central recycling hub to return metabolites derived from
apoptotic thymocytes to the thymic microenvironment and sup-
port the proliferation of immature thymocytes.

TMes are constantly under high ROS stress, which can be
detrimental to cell survival. Gerlach et al. (2021) recently reported
that the apoptotic-derived nucleotides can drive the proliferation
of efferocytes. Surprisingly, in our related study (Zhou et al.,
2021), we found that TMeos are low proliferating, self-renewing
cells at homeostatic state. However, when the acute injury was
introduced to the thymus, such as dexamethasone treatment,
a clear influx of monocytes was observed. Further studies are
needed to understand how this population is maintained and
the contribution of their metabolic adaptation. What is the impact
of aging on TMes? Does the spatial location regulate TM¢s’
metabolic program? Tools facilitating TM¢-specific gene manip-
ulation and methods for efficient compound delivery to the
thymic microenvironment are needed to understand the impact
of TMos’ metabolic features on thymopoiesis or relevance to
autoimmunity or immunodeficiency in vivo.

Limitations of the study

Potential limitations associated with the multiomic analyses on
sorted ex vivo TMes are the processing- and sorting-related
stress, and the omission of less stable metabolites. The effects
of re-oxygenation during sample preparation cannot be
excluded. To address the long-term in vivo functional involve-
ment of PPP in TMgs, proper tools such as TMgs-specific Cre
animal models are needed.
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TagMan Universal Master Mix Il, with UNG
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Chromium Single Cell 3' Reagent Kits
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NADP/NADPH Quantification Colorimetric kit
Lipofectamine 2000 Transfection Reagent
pHrodo Red

Total Polyamine Assay Kit

Membrane Fluidity Kit

Alexa Fluor 488 Phalloidin

Click-iT Plus TUNEL Assay

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Bio-Rad
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Thermo Fisher Scientific
Thermo Fisher Scientific
Abcam

Abcam

Thermo Fisher Scientific
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Deposited data

RNA sequencing data This paper GEO: GSE203543
Single-cell RNA sequencing data This paper GEO: GSE185460

ImmGen RNA sequencing of macrophages

(Heng and Painter, 2008),
(Aguilar et al., 2020)

GEO: GSE122108

Metabolomics analysis of thymic This paper Metabolomic Workbench: ST002177
macrophage and peritoneal macrophage

Code This paper Zenodo: 6588586

Experimental models: Cell lines

THP-1 ATCC RRID:CVCL_0006

Experimental models: Organisms/strains

C57BL/6

Macrophage Fas-induced Apoptosis
(MaFIA) C57BL/6

The Jackson Laboratory
The Jackson Laboratory

RRID:IMSR_JAX:000664
Stock No: 005070; RRID:IMSR_JAX:005070

ROSA265FF Dzhagalov Laboratory N/A

Oligonucleotides

Primers (See Table S1) This paper N/A

siRNAs (See Table S1) This paper N/A

Software and algorithms

Zen 2012 blue edition (1.1.2.0) Zeiss http://www.zeiss.com/microscopy/en_us/products/

Imaris Cell Imaging Software
Progenesis Ql

MetaboAnalyst 5.0
Gene Set Enrichment Analysis (4.3.0)

Shiny GAM: integrated analysis of
genes and metabolites

Cytoscape (3.7.2)
Cell Ranger

Loupe Browser

MassHunter Profinder Software

Graph Pad Prism 6
FlowJo (V10)
BioRender

Oxford Instruments
Waters

(Chong et al., 2019)

(Subramanian et al., 2005),
(Mootha et al., 2003)

(Sergushichev et al., 2016)

(Shannon et al., 2003)

10X Genomics

10X Genomics

Agilent

GraphPad
BD
BioRender

microscope-software/zen.html#introduction;
RRID:SCR_013672

http://www.bitplane.com/imaris/imaris; RRID:SCR_007370

http://www.nonlinear.com/progenesis/qi-for-
proteomics; RRID:SCR_018923

https://www.metaboanalyst.ca/; RRID:SCR_015539
https://www.gsea-msigdb.org; RRID:SCR_003199

https://artyomovlab.wustl.edu/shiny/gam

https://cytoscape.org; RRID:SCR_003032
https://support.10xgenomics.com/single-cell-gene-
expression/software/pipelines/latest/what-is-cell-

ranger; RRID:SCR_017344
https://support.10xgenomics.com/single-cell-gene-
expression/software/visualization/latest/what-is-loupe-
cell-browser; RRID:SCR_018555
https://www.agilent.com/en/product/software-informatics/
mass-spectrometry-software/data-analysis/qualitative-
analysis; RRID:SCR_019081

http://www.graphpad.com; RRID:SCR_002798
https://www.flowjo.com/solutions/flowjo; RRID:SCR_008520
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chia-Lin

Hsu (clhsu@nycu.edu.tw).

Materials availability

This study did not generate new unique reagents.
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Data and code availability
® RNAseq data have been deposited at GEO and the metabolomics data have been deposited at Metabolomics Workbench. The
data are publicly available as of the date of publication. Accession numbers are listed in the key resources table.
e Alloriginal code has been deposited at Zenodo and is publicly available as of the date of publication. Accession ID is listed in the
key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C57BL/6 mice were purchased from the National Laboratory Animal Center, Taiwan. The Macrophage Fas-induced Apoptosis
(MaFIA) mice were obtained from The Jackson Laboratory (Stock No: 005070) (Burnett et al., 2004). ROSA26%F were generated
at the Dzhagalov lab. All mice were bred and maintained in the specific-pathogen-free room at NYCU Animal Center. Equal ratios
of male and female mice age between 4-8 weeks were used in the study. All experimental procedures were approved and performed
according to the NYCU Institutional Animal Care and Use Committee guidelines.

METHOD DETAILS

Bone marrow-derived macrophages

Total bone marrow cells were harvested from 5-8 weeks old C57BL mice. The total bone marrow single cell suspension was pre-
pared, red blood cells removed and cultured in complete DMEM (DMEM supplemented with 2 mM L-glutamine, 1 mM sodium py-
ruvate, 100 U/mL penicillin/streptomycin, non-essential amino acids, and 10% heat-inactivated fetal bovine serum) and L929 con-
ditional media at 37°C with 5% CO, for 6 days. The medium was refreshed every 3 days. At end of the culture, the medium was
replaced with a complete DMEM and considered BMDMs for further experiments.

THP-1 derived macrophage

The THP-1 cell line was routinely maintained in complete RPMI (RMPI 1640 supplemented with 2 mM L-glutamine, 1 mM sodium
pyruvate, 100 U/mL penicillin/streptomycin, non-essential amino acids, and 10% heat-inactivated fetal bovine serum). To induce
the macrophage differentiation, THP-1 cells (10° cell/mL) were treated with 50 nM Phorbol 12-myristate 13-acetate (PMA) for 2 h,
washed, and allowed additional differentiation for 16 h in culture. The resulting cells were considered THP-1-derived macrophages
and subjected to further experiments.

Tissue-resident macrophage preparation

To obtain the resident thymic macrophages, the thymus was harvested from 5 to 8 weeks old C57BL mice, cut into small pieces, and
incubated in DMEM containing 0.4 mg/mL collagenase P and 0.4 mg/mL DNase | at 37°C for 20 min with frequent gentle mixing. The
resulting cell suspension was overlaid on the 57% Percoll Plus solution at the volume ratio of 1:1 and centrifuged at 650 x g for 20 min
at 4°C. The cells at the interface were collected and washed with PBS, and re-suspended in 24G2 supernatant at room temperature
for 15 min for blocking. The anti-CD64, anti-CD11b, and anti-F4/80 antibody cocktail in FACS buffer (PBS with 0.5% bovine serum
albumin (BSA) and 2 mM EDTA) was added to the sample and allowed incubation on ice for 20 min. At the end of the staining, the cells
were centrifuged, washed, and re-suspended in propidium iodide containing FACS buffer. Live singlets with CD64*CD11b'°F4/80*
were defined as resident thymic macrophages (TM¢gs) and sorted by BD FACSMelody with the purity > 95%. The peritoneal cavity
macrophages (PCM¢s) were collected by intra-peritoneal injected 5 mL of ice-cold complete DMEM, thoroughly rinsed the perito-
neal cavity, and re-collected the solution containing the exudate cells. The cells were processed and stained as described above, and
the CD11b*F4/80" cells were identified as PCMes and harvested.

Immunofluorescence staining

The thymus of 5-8 weeks old C57BL mice was harvested and fixed in PBS containing 4% paraformaldehyde at room temperature for
1 h. The thymus was then dehydrated with 30% sucrose in PBS at 4°C overnight, and subjected to OCT embedding. The resulting
tissue blocks were stored at —80°C until use. The thymic slices at 20 um were prepared and blocked with 5% goat serum in immu-
nohistochemistry (IHC) buffer (0.1M Tris-HCI solution (pH = 7.4), with 0.5% BSA and 2% Triton X-100), at room temperature for 2 h.
The slides were stained with the primary antibodies, anti-MerTK and anti-HIF-1e diluted in the blocking buffer at 4°C overnight. At end
of the incubation, the slides were washed twice with 0.1M Tris-HCI buffer, and further incubated with secondary antibodies, goat anti-
rat AF647 and goat anti-rabbit AF488, diluted in the IHC buffer at 4°C for 4 h. Following the Tris-HCI buffer wash, the slides were then
stained with DAPI in IHC buffer at room temperature for 15 min. The images were captured with a Zeiss Axio Observer along with a
Zeiss Apotome addition. The images were analyzed using the Zeiss Zen 2012 software and the 3D reconstruction was made using
Imaris software.
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Reactive oxygen species measurement

The ROS measurement was performed as described previously (Fan et al., 2021). In brief, the level of cellular reactive oxygen species
was quantified by staining the cells with CellROX green or CellROX deep red in warm serum-free DMEM at 37°C for 30 min. After
terminating the reaction by adding ice-cold PBS, the stained cells were co-stained with DAPI or propidium iodide and analyzed
with BD LSRFortessa immediately.

RNA extraction and Quantitative RT-PCR

The RNA of the cells was extracted using TRI reagent according to the manufacturer’s manual. The reverse transcription was per-
formed by SuperScript lll Reverse Transcriptase with oligo dT primer, in the presence of RNaseOUT reagent following the manufac-
turer’s instructions. Quantitative PCR was performed on StepOnePlus Real-Time PCR system with TagMan universal master mix and
TagMan expression assay probes (see table) or iQ SYBR Green Supermix following the manufacturer’s manuals. The relative mRNA
expression level was calculated by normalizing to the expression level of murine Rp/19 or human GAPDH and presented in the 2727
or 2722CT format.

Intracellular staining for flow cytometric analysis

The cells were blocked and surface stained as described in the tissue-resident macrophage preparation section. At the end of the
staining, the cells were washed with ice-cold PBS and further stained with Zombie Aqua in PBS at room temperature for 20 min. The
cells were then fixed with 4% paraformaldehyde and permeablized by adding Methanol at the volume ratio of 9:1 and incubated on
ice for 20 min. After washing the cells with ice-cold PBS, the cells were stained with the primary antibodies in 24G2 supernatant at
room temperature for 30 min, the procedure was repeated for the staining of secondary antibodies. The primary antibodies were anti-
NRF2 or anti-HIF-1a; the secondary antibody was anti-rabbit IgG PE. Samples were collected with BD LSRFortessa and analyzed
with FlowdJo.

Metabolomics of tissue-resident macrophages

Sorted 5 x 10° tissue-resident macrophages were re-suspended in 1 mL LC-MS grade methanol and processed to obtain the me-
tabolites. In brief, the proteins in the sample were precipitated and removed while the supernatant was collected and evaporated by a
vacuum concentrator. The resulting metabolite extracts were resolved in 50 pL of ultra-pure water and transferred to a reduced-vol-
ume autosampler vial for LC-MS analysis. For liquid chromatography, the ACQUITY BEH C18 column (100 mm length x 2.1 mm in-
ternal diameter, 1.7 pm particles) was used and maintained at 40°C in the ultra-performance liquid chromatography (UPLC). Samples
were eluted with gradient process at 0.3 mL/min using mobile phase (A) 0.1% ammonium hydroxide in LC-MS grade water and
mobile phase (B) 0.1% ammonium hydroxide in LC-MS grade acetonitrile (1% B for 0.5 min, 1-100% B in 4 min, 100% B for
0.5 min, 100-1% B in 1 min, 1% B for 3 min). The mass spectrometry data were acquired through the Waters Xevo G2-XS QTof
in negative mode and processed by Progenesis QI software. The features were matched to the KEGG compounds through Chem-
spider while the mass error was limited to 15 ppm. This data is available at the NIH Common Fund’s National Metabolomics Data
Repository (NMDR) website, the Metabolomics Workbench, https://www.metabolomicsworkbench.org where it has been assigned
Project ID: ST002177. The data can be accessed directly via it's Project DOI: https://dx.doi.org/10.21228/M8PT3H. This work is sup-
ported by NIH grant U2C-DK119886.

Metabolomics pathway enrichment

Metabolomics data collected from the tissue-resident macrophages and apoptotic cell-treated BMDMs were subjected to
MetaboAnalyst 5.0 for Mus musculus KEGG “pathway enrichment” analysis under “Fisher’s Exact Test” mode. Metabolites with
fold change >3 in TMes compared with PCMe¢ or fold change >1.5 in treated BMDMs compared with the untreated were selected.
An additional p < 0.05 threshold was set for all analyses. The results were plotted using the R package ggplot2.

Gene set enrichment analysis
The RNA sequencing data of the BMDMs were acquired as described in the RNA sequencing section. After the differential gene
expression analysis by the R package DESeqg?2 (1.30.0), datasets were analyzed following the GSEA software (4.0.3) under KEGG
pathways or metabolic pathways.

Combined pathway enrichment analysis

RNA sequencing data of the TMgs and PCMos were extracted from the ImmGen database (GSE122108), gene annotation, and
RPKM calculations were done following the ImmGen pipeline. Genes with expression level >3 fold and compounds that are >1.5
fold in TMes compared with PCMos were chosen for further analysis. To achieve metabolic pathway enrichment of TMos, KEGG
Mus musculus pathways were extracted through the R package KEGGREST (1.30.0). The chosen genes and compounds were
limited to the genes and compounds of the KEGG metabolic pathways. Fisher’s exact test was performed in greater mode with R
package stats (4.0.3). The visualization of the metabolic network was done with GAM in the Cytoscape (3.7.2) environment.
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Single-cell RNA sequencing

The thymus of the MaFIA mice was harvested and enriched with myeloid cells by using 57% Percoll Plus solution as described in the
earlier section. Instead of surface staining, GFP* cells were sorted by using BD FACSMelody with purity >95% and viability >80%.
The cells were spun down, re-suspended in PBS with 0.04% BSA, and subjected to library preparation. The single-cell RNA
sequencing cell encapsulation and library preparation were done with the 10x Chromium Controller, Chromium Single Cell 3’ Library,
and Gel Bead Kit v3 following the manufacturer’s recommendations. The libraries were sequenced on the NovaSeq 6000 system.
Post-processing and quality control were performed by the NYCU Genome Center using the Cell Ranger package. Reads were
aligned to mm10 reference assembly. Primary assessment for the MaFIA sample reported: 9,973 cell barcodes with 11,385 median
unique molecular identifiers (UMls, transcripts) per cell and 3,076 median genes per cell sequenced to 71.0% sequencing saturation
with 94,260 mean reads per cell. The visualization of the cell populations and gene expression was done by Loupe Browser.

Apoptotic thymocytes preparation and treatment to BMDMs
The thymus of C57BL mice was harvested and homogenized. The thymocytes were then treated with 10 uM dexamethasone in com-
plete DMEM at 37°C with 5% CO, for 6.5 h. The apoptosis induction was terminated by removing the dexamethasone-containing
medium and replacing with fresh complete DMEM. The resulting apoptotic thymocytes were added to the BMDMs or THP-1 derived
macrophages at a 40:1 ratio for 24 h as the efferocytosis treatment.

RNA sequencing of BMDMs

The BMDMs were co-cultured with or without apoptotic thymocytes for 24 h and harvested for the RNA extraction as described
earlier. The RNA concentration was measured by using a Qubit fluorometer with a Quant-iT RNA BR assay kit, and the RNA quality
was examined on the Agilent Technologies 2100 Bioanalyzer with RNA nanochip. The library was prepared by using lllumina TruSeq
Stranded mRNA Sample Prep Kit and sequenced by lllumina NextSeq High Output Kit v2.5-75 cycles on the NextSeq 550 platform.
The raw data were aligned and analyzed following the CLC Genomics Workbench 20.0.4 pipeline. The sequence was annotated ac-
cording to Mus musculus GRCm38 mm10. The differential gene expression analysis was calculated by using the R package DESeqg2
(1.30.0).

GSH/GSSG detection

The reduced and oxidized form of glutathione was detected using the GSH/GSSG-Glo Assay kit, which is a luminescent-based assay
to quantify the GSH/GSSG ratios. In brief, cells were harvested and lysed on a white flat 96-well plate and measured for the reduced
and oxidized glutathione concentration following the manufacturer’s manual. The luminescence results were collected on Infinite
200 PRO reader.

NADP/NADPH detection

NADP/NADPH Quantification Colorimetric kit was used to determine the intracellular NADP/NADPH levels. Following the manufac-
turer’s manual, the samples were harvested and lysed on a flat 96-well plate and the results were collected by measuring the 450 nm
absorbance with a TECAN Sunrise ELISA Reader.

2-NBDG uptake assay

BMDMs were treated with or without apoptotic thymocytes for 24 h. At the end of treatment, the BMDMs were treated with 10 pg/mL
of 2-NBDG in complete RPMI 1640 and incubated at 37°C for 40 min. The reaction was terminated by removing the 2-NBDG con-
taining medium and washing the BMDMs with ice-cold PBS. The samples were collected by BD LSRFortessa and analyzed by
FlowdJo.

13¢¢-glucose tracing

After the BMDMs were co-cultured with apoptotic thymocytes for 24 h, non-phagocytosed cells were removed by PBS rinse, and the
BMDMs were pulsed with 25 mM '3Cg-Glucose containing complete DMEM (glucose-free DMEM supplemented with 2 mM of
L-glutamine, 1 mM of sodium pyruvate, 100 U/mL of penicillin/streptomycin, non-essential amino acids, and 10% heat-inactivated
and dialyzed fetal bovine serum) for 2 h. The analytical parameters were based on (Jin et al., 2019) and modified. In brief, the metab-
olites were extracted after collecting the cells by adding 4:4:2 acetonitrile/methanol/ultra-pure water solution and sonicated for 5 min.
The solution was centrifuged at 12,000 x g at 4°C for 10 min to remove cell particulates. The supernatant was transferred to a
reduced-volume autosampler vial for LC-MS analysis. The samples were analyzed on an Agilent 1290 Il Infinity Ultra-High-
Performance Liquid Chromatography system with an Agilent Accurate Mass 6545XT-QTOF mass spectrometer. The column was
a Waters Acquity UPLC BEH Amide (100 mm length X 2.1 mm internal diameter, 1.7 um particles) maintained at 40°C. The mobile
phase consisted of 15 mM ammonium acetate and 0.3% ammonium hydroxide (pH 9.5) in LC-MS grade water (mobile phase A)
and 15 mM ammonium acetate and 0.3% ammonium hydroxide (pH 9.5) in LC-MS grade 90% acetonitrile (v/v) (mobile phase B).
The flow rate was 0.3 mL min~". The gradient profile: 10% B to 50% B in 8 min, 50% B held for 2 min, and the post time was
10 min. The mass spectrometer was equipped with an Agilent Jet-stream source operating in negative and positive ion mode
with source parameters set as follows: Nebulizer gas, 45psi; Sheath gas temperature, 325°C. The resulting data were processed
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using Agilent MassHunter Profinder software with an in-house targeted metabolite database created by Agilent Personal Compound
Database and Library. The Profinder batch results were then corrected for '°C natural abundance, and exported for statistical
analysis.

Inhibition of pentose phosphate pathway by 6-AN or siRNA

To inhibit the pentose phosphate pathway, 10 uM of 6-aminonicotinamide (6-AN) was added to the cells for 6 h to achieve the effect.
To investigate the impact of PPP inhibition on BMDM phagocytosis, 6-AN was added to the culture during the last 6 h of apoptotic
thymocyte co-culture treatment. The reaction was terminated by washing the BMDMs with warm PBS. The cells were subjected to
phagocytosis assay or ROS measurement. For THP-1 cells, the inhibition of the pentose phosphate pathway was achieved by siRNA
knockdown. G6PD Silencer Select siRNA or Silencer Select Negative Control No. 1 siRNA were introduced into the cells by Lipofect-
amine 2000) following the manufacturer’s instructions. 6 h after the transfection, the supernatant was removed and replaced with
complete RPMI for additional overnight culture. The resulting cells were further differentiated into macrophages and subjected to
phagocytosis assay or ROS measurement.

Phagocytosis assay

To test the ability of the macrophages to engulf apoptotic cells, the apoptotic thymocytes were prepared and labeled with pHrodo
Red at room temperature for 30 min. The labeled apoptotic thymocytes were added to the macrophages at the ratio of 40:1 and al-
lowed for efferocytosis at 37°C for 2 h. At end of the reaction, the macrophages were washed with PBS to remove residual cells, re-
suspended in DAPI containing FACS buffer, and subjected to flow cytometric analysis with BD LSRFortessa. The phagocytosis assay
index was calculated as the mean fluorescent intensity (MFI) of the treated group minus the untreated MFI.

Reactive oxygen species scavengers

To scavenge the reactive oxygen species induced by the efferocytosis, the ROS scavenging compound N-acetylcysteine (NAC,
1 mM) or glutathione reduced ethyl ester (GSH-MEE, 1 mM) was added together with the pHrodo-labeled apoptotic thymocytes
to the THP-1 derived macrophages at 37°C for 2 h. After the reaction, the macrophages were washed with PBS and re-suspended
in DAPI containing FACS buffer and subjected to flow cytometric analysis with BD LSRFortessa. The phagocytosis assay index was
calculated as the mean fluorescent intensity (MFI) of the treated group minus the untreated MFI.

Treatment of thymus explants

After carefully harvesting the thymus from the C57BL/6 or the B6-GFP mice, the two lobes of the thymus were separated and each
injected with 20 uL of 10 uM 6-AN or solvent control (DMSO) in warm PBS by using a 29G syringe. The treated lobes were each placed
in a 12-well plate well and covered with 10 uM 6-AN or solvent control in complete DMEM. The treatment lasts for 6 h at 37°C with 5%
CO,. The thymus was then shredded and digested for single-cell suspension, followed by the surface staining procedure. The oxida-
tive stress of the cells was stained following the reactive oxygen species measurement procedure. The phagocytosis status of the
macrophages was determined by GFP accumulation detection. The stained cells were co-stained with propidium iodide and
analyzed with BD LSRFortessa.

Membrane fluidity measurement

The membrane fluidity kit was used to measure the membrane fluidity of the cells following the manufacturers’ instructions. In short,
the treated BMDMs were measured with fluorescent emission at 400 nm and 470nm under 350 nm excitation after incubation with
fluorescent lipid reagent and pluronic F127 solution. The relative membrane fluidity was calculated as a ratio of excimer 450 nm to
monomer 400 nm. The fluorescence results were collected on Infinite 200 PRO reader.

Cytoskeleton dynamics

To measure the cytoskeleton dynamics of the treated cells, the cells were stained with fluorescent-conjugated phalloidin for the
F-actin detection. The staining was performed according to the manufacturer’s instructions. In brief, the cells were fixed with
3.7% paraformaldehyde and pored with Triton X-100 before being stained with phalloidin. The stained cells were imaged using
the Zeiss Axio Observer. The acquired images were then analyzed for F-actin signal using ImagedJ.

Total polyamine measurement

The polyamine level of the cells was measured by using the total polyamine assay kit. The treated cells were collected and measured
with the polyamine level following the manufacturer’s instructions. The lysate was measured with fluorescent at emission 587 nm
under 535 nm excitation. The fluorescence results were collected on Infinite 200 PRO reader.

Dexamethasone-induced injury model

To establish a dexamethasone-induced injury model, the 5 to 8 weeks old B6-GFP mice were intraperitoneally injected with 10 pg
per g body weight of dexamethasone in PBS of the volume of 1% body weight. 6 h after the treatment, the thymus was harvested
and proceed with the thymus explant treatment.
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Intrathymic injection

To block the pentose phosphate pathway in vivo, the 4 to 6 weeks old B6 mice were anesthetized with isoflurane and intrathymically
injected with 20 uM 6-AN along with 500x diluted Indian ink in 15 uL PBS. The injection sites locate beneath the first ribs and on both
sides of the sternum. A BD 29G insulin syringe was used for the injection. The needle goes in the chest as deep as 4.53 mm. 6 h after
injection, the mice were sacrificed and checked for Indian ink stain on both thymus lobes to assure successful injections, lobes with
abnormal blood clot formation were excluded. The thymus was then harvested and stained with Annexin V according to the manu-
facturer’s instructions. The suspended cells were analyzed by using BD LSRFortessa.

Apoptotic cell labeling in thymus

To label the apoptotic thymocytes in the thymus, the thymus slides were prepared as described in the earlier immunofluorescence
staining section. After thymus slide preparation, the tissue slides were stained with TUNEL assay kit following the manufactorer’s
instruction. In short, the DNA break of the cells were incorporated with EQUTP by unsing the TdT enzyme. After the TUNEL staining
process, the slides were stained with surface marker as described in the immunofluorescence staining section. The images were
captured with a Zeiss Axio Observer along with a Zeiss Apotome addition. The images were analyzed using the Zeiss Zen 2012 soft-
ware and the 3D reconstruction was made using Imaris software.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistics were performed using Graph Pad Prism 6. Statistical significance was calculated by Student’s t-test when comparing
two groups or one-way ANOVA when in comparison of multiple groups. For all the in vitro experiments, the n stands for biological
repeats (eg. from pooled sorted primary cells). For the thymic explant or in vivo experiments, the n represents number of animals
used. All error bars represent SEM with mean. All the statistics details can be found in the figure legends. Flow cytometry data
were analyzed using FlowdJo (V10). The graphic illustration was made with BioRender.
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Supplemental Figure 1. Representative flow cytometric plots showing the gating strategy and enrichment
of resident thymic macrophages (top) and peritoneal cavity macrophages (bottom). Related to Figure 1.
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Supplemental Figure 2. Metabolomic and transcriptomic analyses highlighting the preferred metabolic
pathways in peritoneal cavity macrophages. Related to Figure 1.
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Supplemental Figure 3

MerTK, HIF-1a
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Supplemental Figure 3. (a) Immuno-stained thymic slices identify MerTK* macrophages have strong HIF-1a
accumulation. (b) A 3-D reconstruction of the images confirmed that although moderate HIF-1a signals

can be detected throughout the thymus, it is highly concentrated in the resident thymic macrophages.

Scale bar =20 um. Related to Figure 2.
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Supplemental Figure 4

Supplemental Figure 4. Comparasion of selected NRF2 downstream gene expression in (a) ex vivo PCM¢ and TM¢
and (b) efferocytosing BMDM. Data extrapolated from RNAseq results of Fig. 1 and Fig 3, resepectively. Related to

Figure 2 and 4.
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Supplemental Figure 5. Transcriptomic and functional analyses on BMDMs efferocytosed apoptotic thymocytes.
Transcription of enzymes associated with PPP activity, Gsr (a) and G6pdx (b) were increased upon efferocytosis (n=3).
The efferocytosis was also linked with higher redox demands as shown by elevation of GSH (c), GSSG (d), and
NADP/NADPH (e) levels (n=4) by measured by luminescent-based and colorimetric assay, respectively.

One-way ANOVA was used for statistical analysis, *** p < 0.001. Related to Figure 3.
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Supplemental Figure 6. Comparasion of the expression non-canonical glutaminolysis key
factors,glutamine transporter, ASCT2, and the glutaminase-1 (GLS) in PCM¢ and TM¢
populations. Related to Figure 6.
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Supplemental Figure 7. Functional PPP contributes to the efficient removal of apoptotic thymocytes in
dexamethasone-induced thymus injury model. (a) illustration of experimental procedures. In brief, dexamethasone
was i.p. administered into GPF mice for 16 hrs to induce the thymus injury. The thymus explants were then harvested
and treated with 6-AN to block PPP. (b) The phagocytosis of apoptotic thymocytes was evaluated by the GFP intensity
withinTM¢s via FACS analysis. Related to Figure 7.



Supplemental Figure 8
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Supplemental Figure 8. Immuno-stained thymic slice shows that TMf can use LC3-associated phagocytosis to remove
apoptotic thymocytes. Thymic slices were stained with LC3 to label the LC3-associated phagosomes, TUNEL to identify
the apoptotic thymocytes, and MerTK to mark the TM¢s. Shown were the close-up images of two representative TMo¢s.
Scale bar = 5 um. The 3D reconstruction images were made with Imaris. Related to Figure 2.



REAGENT or RESOURCE

' SOURCE

' IDENTIFIER

Oligonucleotides

TagMan: Rpl/19

Thermo Fisher Scientific

Assay ID:Mm02601633_g1; Cat#4331182

TagMan: Sirt2

Thermo Fisher Scientific

Assay ID:Mm01149204_m1; Cat#4331182

TagMan: Sirt3

Thermo Fisher Scientific

Assay ID:Mm00452131_m1; Cat#4331182

TagMan: Hif1a

Thermo Fisher Scientific

Assay ID:Mm00468869 m1; Cat#4331182

TagMan: Gsr

Thermo Fisher Scientific

Assay ID:Mm00439154_m1; Cat#4331182

TagMan: G6pdx

Thermo Fisher Scientific

Assay ID:Mm00656735 m1; Cat#4331182

TagMan: Gclc

Thermo Fisher Scientific

Assay ID:Mm00802658 m1; Cat#4331182

TagMan: Nfe2l2

Thermo Fisher Scientific

Assay ID:MmO00477784_m1; Cat#4331182

Primer Human G6PD forward:
5-CGAGGCCGTCACCAAGAAC-3

(Li et al., 2020)

N/A

Primer Human G6PD reverse: (Li et al., 2020) N/A
5-GTAGTGGTCGATGCGGTAGA-3’
Primer Human GAPDH forward: (Hara et al., 2015) N/A
5-GGAGTCCACTGGCGTCTTCA-3
Primer Human GAPDH reverse: (Hara et al., 2015) N/A

5’-TGGTTCACACCCATGACGAA-3’

Human G6PD Silencer Select siRNA

Thermo Fisher Scientific

Assay 1D:s5447; Cat#4390824

Silencer Select Negative Control No. 1
siRNA

Thermo Fisher Scientific

Cat#4390843

Supplemental Table 1. Oligonucleotides used in this study.
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