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Macrophages play a critical role in the inflammatory response and tumor
development. Macrophages are primarily divided into pro-inflammatory M1-
like and anti-inflammatory M2-like macrophages based on their activation status
and functions. In vitro macrophage models could be derived from mouse bone
marrow cells stimulated with two types of differentiation factors: GM-CSF (GM-
BMDMs) and M-CSF (M-BMDMs), to represent M1- and M2-like macrophages,
respectively. Since macrophage differentiation requires coordinated metabolic
reprogramming and transcriptional rewiring in order to fulfill their distinct roles,
we combined both transcriptome and metabolome analysis, coupled with
experimental validation, to gain insight into the metabolic status of GM- and
M-BMDMs. The data revealed higher levels of the tricarboxylic acid cycle (TCA
cycle), oxidative phosphorylation (OXPHOS), fatty acid oxidation (FAO), and urea
and ornithine production from arginine in GM-BMDMs, and a preference for
glycolysis, fatty acid storage, bile acid metabolism, and citrulline and nitric oxide
(NO) production from arginine in M-BMDMs. Correlation analysis with the
proteomic data showed high consistency in the mRNA and protein levels of
metabolic genes. Similar results were also obtained when compared to RNA-seq
data of human monocyte derived macrophages from the GEO database.
Furthermore, canonical macrophage functions such as inflammatory response
and phagocytosis were tightly associated with the representative metabolic
pathways. In the current study, we identified the core metabolites, metabolic
genes, and functional terms of the two distinct mouse macrophage populations.
We also distinguished the metabolic influences of the differentiation factors GM-
CSF and M-CSF, and wish to provide valuable information for in vitro
macrophage studies.

KEYWORDS

macrophage differentiation, GM-CSF, M-CSF, immunometabolism, transcriptome,
metabolome

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1230772/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1230772/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1230772/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1230772/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1230772/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1230772&domain=pdf&date_stamp=2023-09-25
mailto:yangjb@ouc.edu.cn
mailto:zhaoc2@ccf.org
https://doi.org/10.3389/fimmu.2023.1230772
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1230772
https://www.frontiersin.org/journals/immunology

Zhang et al.

1 Introduction

Macrophages are highly plastic cells with distinct phenotypes.
They respond rapidly to environmental signals and are essential for
host defense, tissue homeostasis and repair, pathology, and
development (1). Over the past few decades, several in vitro
models have been applied to study macrophage differentiation
and polarization. Bone marrow-derived macrophages (BMDMs)
primed with the differentiation factors GM-CSF (GM-BMDMs,
GM) and M-CSF (M-BMDMs, M) are one of the most commonly
used macrophage models (2). M-CSF is known for its role in
inducing macrophage differentiation towards an anti-
inflammatory phenotype (M2-like macrophages), whereas GM-
CSF induces macrophage differentiation towards a pro-
inflammatory phenotype (M1-like macrophages) (3, 4). In recent
years, a number of studies have been reported in an effort to fully
elucidate the various aspects of BMDMs (5-7). For example, the key
chromatin modulators (e.g. H3K27me3) (5) and essential signaling
pathways (e.g. type I interferon signaling) (8, 9) for macrophage
differentiation, the influence of culture conditions on inflammatory
responses (6), and the heterogeneity of macrophage populations
have been thoroughly described in literature (10). To better
understand macrophage plasticity, more attention has been
placed on orchestrating the course of macrophage differentiation.

In recent years, there has been an increasing focus on
metabolism in the study of immune cells due to its key
involvement in the regulation of cell fate and function
(immunometabolism) (11-13). Metabolic pathways have great
potential to regulate or support functional changes, as transitions
between quiescent and activated states require the involvement of
metabolites in different pathways (11). Due to the high plasticity of
macrophages, it is essential to elucidate the immunometabolic
status of different types of macrophages both in vitro and in vivo.
To date, numerous in-depth analyses have been performed to
illustrate the metabolic status of activated macrophages with
different polarization status: M-CSF-primed macrophages
polarized by LPS/IFNYy for M1 and by IL4/IL13 for M2 (12, 13).
Collectively, LPS/IFNY polarized M1 macrophages exhibit increased
glycolysis, fatty acid synthesis (FAS), arginine conversion to nitric
oxide (NO) by iNOS (13, 14), whereas IL4/IL13 polarized M2a
macrophages are more dependent on oxidative phosphorylation
(OXPHOS), fatty acid oxidation (FAO), and arginine conversion to
urea and ornithine to maintain their polarization status in vitro (13,
14). Tumor associated macrophages (TAMs, M2d type) exhibit
enhanced aerobic glycolysis, FAS, and intracellular glutamine levels
in vivo (15).

Although the metabolic changes of macrophages with different
polarization status have been extensively studied, there are few studies
elucidating the immunometabolic characteristics of GM-CSF and M-
CSF differentiated/matured macrophages (16-18). By performing
proteomic analysis of mouse bone marrow cells cultured with GM-
CSF or 1929 conditioned medium (CM) (source of M-CSF), the
glycolytic capacity, as well as the nitrogen compound biosynthesis,
was enhanced in GM-CSF primed BMDMs (16). However, L929-CM
primed BMDMs have increased mitochondrial mass, and exhibit
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higher glycolysis and oxygen consumption response to LPS challenge
when compared with M-CSF primed BMDMs (19). Using murine
peritoneal macrophages (MO) treated with GM-CSF and M-CSF for a
relatively short time (2 days instead of 7 days for BMDMs), induced
gene expression for glucose metabolism and mitochondrial
biogenesis was demonstrated in both GM and M macrophages,
with a preferential overexpression of several critical glycolytic
enzymes in M compared to GM macrophages (17). In human
monocyte-derived macrophages (MDM:s), but not BMDMs primed
with GM-CSF and M-CSF, a higher oxygen consumption and aerobic
glycolysis in GM, and upregulation of glycolytic enzyme gene
expression were also observed (18). Due to the differences among
these employed models including culture conditions, source of
growth factors, and cell species, there is still no clear conclusive
description of the representative metabolic status of GM-CSF and M-
CSF differentiating macrophages, especially for the metabolic
pathways other than glycolytic process. Therefore, it’s urgent and
valuable to elucidate the global landscape of metabolic phenotype of
mature GM and M macrophages without additional stimuli such as
cytokines, metabolites, and microbial ligands.

In this study, we performed both metabolic and transcriptomic
analysis on mouse M-CSF and GM-CSF primed BMDM:s. Numerous
metabolites are significantly regulated, and, together with
differentially expressed genes, jointly describe the metabolic
characteristics of GM and M. The tricarboxylic acid cycle (TCA
cycle) and OXPHOS are preferred by GM macrophages for glucose
metabolism, while FAO is also preferred for additional acetyl
coenzyme A (CoA) generation for the TCA cycle due to their
robust mitochondrial function. Nevertheless, M macrophages prefer
glycolysis, fatty acid storage, and bile acid metabolism. The uptake of
essential amino acids such as leucine, methionine and phenylalanine
is often active in GM. Arginine is metabolized into urea and ornithine
by arginase (Arg) in GM, whereas citrulline and NO are the arginine
metabolites in M. Collectively, our results may highlight the
metabolic landscape of GM-CSF- and M-CSF- differentiated mouse
macrophages and attempt to establish the framework for further
metabolism-based studies of macrophage plasticity.

2 Methods
2.1 Reagents

TIANamp Genomic DNA Kit (Cat. DP304) was from Tiangen.
SYBR Green PCR Master Mix (2x) (Cat.4913914001) was from
Roche. Recombinant mouse M-CSF (Cat. 415-ML) and GM-CSF
(Cat. 416-ML) were purchased from R&D Systems. Glycolytic Rate
Assay Kit (Cat. 103346-100), XF cell Mito Stress Test Kit (Cat.
103010-100) and Cell Energy Phenotype Test Kit (Cat. 103275-100)
were from Agilent. Glucose Assay Kit (Cat. AB169559), Citrulline
Fluorometric Assay Kit (Cat. AB273309), Ornithine Fluorometric
Assay Kit (Cat. AB252903), and Adipogenesis Colorimetric/
Fluorometric Assay Kit (Cat. AB102513) were form Abcam.
Nitric Oxide Assay Kit (Cat. S0021S), Nitric Oxide Synthase
Assay Kit (Cat. S0025) and Mito-Tracker Green (Cat. C1048) was
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from Beyotime. Bis Benzimide Hoechst NO33342 (Cat. B8040) was
from Solarbio. Arginase Activity Assay Kit (Cat. MAK112) was
from Sigma-Aldrich.

2.2 Animals

C57BL/6] mice (SPF grade, male, 6-10 weeks old) were
purchased from Beijing Vital River Laboratory Animal
Technology and maintained in a temperature- and humidity-
controlled room with a 12-hour light-dark cycle. All animal
procedures were approved by the Committee of Experimental
Animals of School of Medicine and Pharmacy, Ocean University
of China (OUC-SMP-2019-02-02).

2.3 Bone marrow derived
macrophage culture

Mouse BMDMs were prepared as previously described (6).
Briefly, bone marrow cells were collected from femurs. Cell
suspensions were passed through a 100 um cell strainer, collected
by centrifugation at 300 g for 10 minutes, and resuspended in
DMEM containing 10% FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin, with either 50 ng/ml M-CSF or 20 ng/ml GM-CSF.
Cells were cultured at 37°C with 5% CO2 for 7 days without
changing the media throughout the maturation process.

2.4 Transcriptome sequencing
(RNA-Seq analysis)

Total RNA of mouse BMDMs was extracted using Trizol
reagent kit (Invitrogen) according to the manufacturer’s protocol.
RNA quality was assessed on an Agilent 2100 Bioanalyzer (Agilent)
and verified by RNase free agarose gel electrophoresis. The mRNA
was enriched by Oligo (dT) beads, fragmented using fragmentation
buffer and reverse transcribed into cDNA using random primers.
The resulting cDNA library was sequenced on an Illumina
HiSeq2500 platform. Clean reads were mapped to the mouse
reference genome using HISAT2.2.4 (20). The FPKM values were
calculated to quantify the expression abundance and variations
using StringTie software. Differential expression analysis was
performed using DESeq2 software. The genes with the parameters
of P value < 0.05 and absolute fold change (FC) > 2 were considered
as differentially expressed genes (DEGs). KEGG pathway (21),
GSEA (22), PPI (23), IPA (24) and gene expression correlation
analysis were performed, respectively. The scaled FPKM values
were normalized using the z-score approach (z = (x-m)/s), where x
is the FPKM value, m is the mean of the FPKM values of a given
gene in all tested samples (row mean), and s is the standard
deviation of the row values. The RNA-seq data were deposited in
the Gene Expression Omnibus (GEO) database under the accession
number GSE198821.
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2.5 Extraction, quantitative and qualitative
analysis of metabolites

BMDMs were collected, lyophilized, and dissolved in methanol.
Samples were concentrated to dry under vacuum and dissolved with 2-
chlorobenzalanine (4 ppm) 80% methanol solution. Chromatographic
separation was accomplished in an UHPLC (1290 Infinity LC, Agilent
Technologies) equipped with an ACQUITY UPLC BEH Amide (1.7 um,
2.1 mm x 100 mm; Waters) column maintained at 25°C. The MS
experiments were executed on an AB Triple TOF 6600 mass
spectrometer. The format of the raw data files was converted to
mzXML format using Proteowizard (v3.0.8787). R (v3.3.2) XCMS
package was used to perform peak identification, peak filtration and
peak alignment for each metabolite. Mass to charge ratio (m/z), retention
time and intensity, positive and negative precursor molecule were used to
for subsequent analysis. Peak intensities were batch normalized to the
total spectral intensity. Multivariate statistical analysis OPLS-DA was
used to screen the metabolites with significant differences, and the
threshold of significant differences was VIP > 1 and P value < 0.05.
KEGG was used for the enrichment analysis of the significantly different
metabolites. The metabolite data were deposited in the MetaboLights
database under the accession number MTBLS6502.

2.6 Combined metabolomic and
transcriptomic analysis

KEGG pathway maps (21) are the linking of genomic or
transcriptomic contents of genes to chemical structures of
endogenous molecules to perform integration analysis of genes
and metabolites. All differentially expressed genes and metabolites
in this study were mapped to the KEGG pathway database to obtain
their links in metabolic pathways.

2.7 Seahorse assay

Bone marrow cells were isolated and seeded into Seahorse XF24
microplates (2.5x 10* GM-BMDMs and 1.5x10* M-BMDMs) and
incubated for 7 days as described above. The Seahorse Xfe24
Analyzer (Agilent) was used to measure proton efflux rate (PER),
oxygen consumption rate (OCR), and extracellular acidification rate
(ECAR) using the Glycolytic Rate Assay Kit, XF Cell Mito Stress Test
Kit, and Cell Energy Phenotype Test Kit according to the
manufacturer’s instructions. For the Glycolytic Rate Assay Kit, basal
glycolysis was measured under basal condition before the addition of
rotenone plus and antimycin A (Rot/AA) (inhibitors of complexes I
and III of the mitochondrial electron transport chain). Compensatory
glycolysis was determined by subtracting the rate of glycolysis before
and after the addition of 2-deoxy-D-glucose (2-DG), a glucose analog
that inhibits glycolysis by competitive binding of glucose hexokinase.
For the XF Cell Mito Stress Test Kit, OCR was measured under basal
condition and after the addition of the following drugs: 1 pM
oligomycin, to inhibit mitochondrial ATP synthase; 1.5 uM
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fluorocarbonyl cyanide phenylhydrazone (FCCP), a protonophore that
uncouples ATP synthesis from oxygen consumption by the electron-
transport chain; and 100 nM rotenone plus 1 UM antimycin A (Rot/
AA). For the Cell Energy Phenotype Test Kit, OCR and ECAR were
measured before and after the injection of the mixture of oligomycin
and FCCP.

2.8 Analysis of mitochondrial activity

Mito-Tracker Green (Beyotime), a lipophilic, selective dye that can
be concentrated by active mitochondria, was used for mitochondrial
labeling. BMDMs were incubated in 40 nM Mito-Tracker Green for 30
min at 37°C, subsequently washed with PBS. Then Hoechst33342
(Solarbio) was used for nuclear labeling. The mitochondrial
morphology was reflected by green fluorescence and the nucleus by
cyan fluorescence by using a high-quality cell imaging instrument
(PerkinElmer). Fluorescence quantification was measured using Image
] software.

2.9 Relative mtDNA determination

Total genomic DNA was isolated using TIANamp Genomic
DNA Kit (Tiangen) following the manufacturer’s instructions. The
concentration, integrity, and purity of DNAs were quantified on a
Nanodrop (ND-ONE) spectrophotometer (Thermo Scientific). Real-
time PCR was performed with an ABI Stepone Plus system to
quantify the DNA content using SYBR Green PCR Master Mix
(Roche), the mitochondrial DNA (mtDNA)-encoded genes mt-Col
were normalized to the nuclear DNA (nDNA)-encoded gene Ndufvl,
and the relative mtDNA content was determined using the 2*22
(-ACt) relative quantification method (25). Specific primers used in
RT-PCR were as follows: mt-Nd1 forward: CTAATCGCCA
TAGCCTTCCTAA; mt-Ndl reverse: GTTGTTAAAGGGCG
TATTGGTT; B-actin forward: TCCTCCTGAGCGCAAGTACTCT;
B-actin reverse: GCTCAGTAACAGTCCGCCTAGAA.

2.10 Statistical analysis

Statistical analyses were performed with Prism version 9. Data
were presented graphically as the mean + SEM. Statistical significance
of differences between indicated samples was determined by unpaired
Student’s t-test or two-way ANOVA. P value < 0.05 was considered
significant and indicated by *.

3 Results
3.1 Transcriptome and metabolome jointly

reveal different metabolic states between
GM and M

In order to comprehensively analyze the metabolic status of GM
and M, we employed RNA-seq analysis to explore the expression of
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genes involved in metabolism and untargeted metabolome analysis
to discover detailed intermediate metabolites (Figure 1A).
According to our RNA-seq analysis (GSE198821), the gene
expressions of GM and M were tightly and differentially regulated
(Figure 1B). There were 1503 significantly upregulated and 1325
significantly downregulated differentially expressed genes (DEGs)
in M compared with their GM counterparts (Figure 1B). KEGG
analysis of these 1503 upregulated and 1325 downregulated DEGs
uncovered distinct functions of M and GM (Figures S1A, B). To
further identify the metabolic distinction between M and GM, we
specifically sought out the metabolic pathways from the KEGG A
class. As shown in Figures 1C, D, one carbon pool by folate,
glycosaminoglycan biosynthesis, and glycosaminoglycan
degradation, which belong to carbohydrate metabolism, was
enriched in M with significance (P < 0.05) (Figure 1C), whereas
the functions of GM were inclined toward amino acid metabolic
pathways such as histidine metabolism, tryptophan metabolism,
and arginine biosynthesis (Figure 1D).

Next, untargeted metabolome analysis was performed to
distinguish the exact differences in metabolites between GM and M
samples (MTBLS6502). Multivariate statistical analysis (OPLS-DA)
indicated that the metabolites from M and GM were significantly
different (Figure 1E). There were 687 significant differential metabolites
in M when compared with GM, with 97 upregulated and 27
downregulated differential metabolites that could be identified in
HMDB, MassBank, or METLIN databases (Figure 1F). KEGG
pathway analysis for these differential metabolites was conducted
(Figures 1G, H). The metabolic pathways such as primary bile acid
biosynthesis, ferroptosis, lysine biosynthesis, and alpha-linolenic acid
metabolism were enriched in upregulated differential metabolites,
representing the metabolic functions of M (Figure 1G), while
metabolic pathways such as pentose phosphate pathway (PPP),
arginine and proline metabolism, and phenylalanine, tyrosine and
tryptophan biosynthesis were enriched in downregulated differential
metabolites, representing the metabolic functions of GM (Figure 1H).
We also performed combined metabolomic and transcriptomic
analysis to explore the dominant metabolic pathways in each type of
BMDMs (Figures 11, ]). Arginine and proline metabolism was enriched
in both the upregulated genes and metabolites of GM group (Figure 1]).
For other metabolic pathways, neither gene expression nor metabolites
could individually illustrate the metabolic landscape of BMDMs, and
the integrated RNA-seq and metabolism analysis could be essential for
further comprehensive description.

These data preliminarily suggest that prominent metabolic
differences exist between GM and M with a tendency for primary
bile acid biosynthesis and carbohydrate metabolism in M and active
amino acid metabolism in GM.

3.2 High dependence on glycolysis
for M and high-intensity glucose
oxidation for GM

Glucose metabolism (glycometabolism) is the major energy
source to fuel cell functions (26); its associated functional terms
were enriched in both GM and M samples (Figures 1C, H). We
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examined the major gene expression profile and relative amounts of
intermediate metabolites of three major glycometabolic pathways:
glycolysis, TCA cycle, and PPP, respectively (27). For glycolysis, half
of the fourteen selected differentially expressed genes were
upregulated in M and the remaining ones were upregulated in GM
(Figure 2A). In detail, GM and M exhibit different preferences for
enriching enzyme isozymes, such as Hk1 in M and Hk2 in GM, Pfkm
in M and Pfkp and Pfkl in GM, and Eno2 in M and Enol in GM
(Figures 2A, Q). The intermediate metabolites for the energy payoft
stage, including 3-phospho-D-glycerate and phosphoenolpyruvate,
were upregulated in M, while B-D-fructose-6-phosphate for the
energy investment stage was upregulated in GM (Figure 2B), which
indicates a possible higher preference for glycolysis in M cells and
more abundant glucose storage (F6P) in GM cells (Figure 2Q). The
intracellular glucose levels were determined using experimental assay,
and, consistently, intracellular glucose storage is significantly higher
in GM macrophages than their M counterparts (Figure S2A). In
order to further determine which type of BMDMs have a more potent
glycolysis capability, we conducted a glycolytic rate assay by Seahorse
Extracellular Flux Analyzer, which is a real-time measurement to
determine metabolic phenotypes of cells (28) (Figure 2C). No
significant differences were observed regarding the absolute value of
PER derived from glycolysis of M and GM at the steady state (basal
glycolysis) (Figure 2D). However, the proportion of PER derived
from glycolysis in total PER (including mitochondrial acidification
derived PER) was significantly higher in M than in GM (Figure 2D),
indicating a preference for anaerobic glycolysis and lactate
production, rather than the continuation to TCA cycle in M. For
GM cells, the absolute rate of compensatory glycolysis, the rate of
glycolysis in cells following mitochondrial inhibitors” addition to
block OXPHOS, was significantly upregulated (Figure 2D), indicating
that GM has a stronger capacity to fulfill anaerobic respiration under
an anoxic environment.

Following glycolysis in aerobic respiration is the coupling of
TCA cycle with OXPHOS (27). Most of the selected TCA cycle
genes (8 out of 10) were upregulated in GM cells, including TCA
cycle rate-limiting enzymes Idh3a and Ogdh (Figure 2E), and a
relatively higher abundance of citrate was also detected in GM
(Figure 2F). This is consistent with the weaker ability of M to
proceed to TCA cycle under steady state as mentioned above. Thus,
we concluded that anaerobic respiration is dominant in the cellular
respiration of M, while aerobic respiration is dominant in that of
GM. Next, we explored OXPHOS capacity of GM and M cells, the
ultimate pathway of cellular respiration (29). GSEA analysis
indicated that GM exhibited a strong upregulated transcriptional
OXPHOS signature when compared to M (Figure 2G). Through a
mitochondrial fluorescence tracker, we detected more intense
mitochondrial signature in GM (Figures 2H, S2B). Consistently,
higher mitochondrial DNA (mtDNA) copy number per cell, which
represents the content of mitochondrial biogenesis, was
significantly higher in GM cells (Figure 2I). Besides, mtDNA
encodes 13 mitochondrial proteins as components of the electron
transport chain (ETC) that are essential for OXPHOS and ATP
synthesis (30, 31). As shown in Figure 2], all 13 ETC genes were
significantly upregulated in GM group. To further verify the high
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OXPHOS capacity in GM, seahorse cell mitochondrion stress test
was utilized to detect mitochondrion respiration. Mitochondrial
respiration modulators were sequentially added to reveal the key
parameters of OXPHOS (Figure 2K). Our data showed that the
respiration rate at steady state, ATP-production coupled
respiration, maximal respiration under stress state, and spare
respiration capacity were all significantly increased in GM
(Figure 2L). Using seahorse cell energy phenotype test, we also
found that GM exhibited a more intense energy-producing
response in the stressed state, which meant that GM possessed a
more energetic metabolic phenotype in both glycolysis and
OXPHOS (Figures 2M, S2C).

As a metabolic pathway parallel to glycolysis, PPP provides
NADPH for other metabolic pathways through oxidative phase,
and also enables various carbohydrates to be converted into
glycolytic intermediates through non-oxidative phase (32). In
oxidative phase that begins at a-D-glucose 6-phosphate and ends
in D-ribulose 5-phosphate (Figure 2Q), we found upregulated gene
expressions of G6pdx and Pgls, and a higher abundance of 6-
phospho-D-gluconate in M (Figures 2N, O), indicating the active
PPP oxidative phase in M. In non-oxidative phase that starts from
D-ribulose 5-phosphate to the end (Figure 2Q), we found increased
Rpia gene expression, and higher abundances of D-ribose 5-
phosphate, D-erythrose 4-phosphate (Figure 2P), and B-D-
fructose 6-phosphate (intermediate substrate for glycolysis)
(Figure 2B) in GM, indicating the active PPP non-oxidative phase
in GM.

Hence, these results demonstrate that M macrophages depend
much more on glycolysis and possess active PPP oxidative phases,
while GM macrophages exhibit a high intensity of glucose
oxidation, mitochondrial respiratory function, and PPP non-
oxidative process (Figure 2Q).

3.3 Enriched fatty acid synthesis, bile acid
synthesis and lipid accumulation in M

Lipid metabolism, in addition to glucose metabolism, is crucial
for energy storage and supplies for biological functions through the
decomposition and synthesis of lipids (33). According to our
metabolic data, numerous lipids and metabolites involved in lipid
metabolism were significantly upregulated in M samples
(Figures 3A, B). For example, metabolites for glycerophospholipid
metabolism (PC(16:0/16:0) and phosphorylcholine) and those for
primary bile acid biosynthesis (glycocholic acid, 25-
hydroxycholesterol and taurine) were both highly enriched in M
group (Figures 3C, D). Fatty acids are the major components of
various lipids and play a key role in lipid metabolism as metabolic
fuel (34). Fatty acids such as stearidonic acid and 2,2-dimethyl
succinic acid were also increased in M group (Figure 3E). Fatty acid
synthesis utilizes NADPH as a reducing agent (35). Additionally, as
the major source of NADPH, PPP oxidative phase is more active in
M cells (Figure 20). The majority of selected FAS associated genes
(Mmu00061in KEGG Pathway), such as Mecr and H2-Ke6, were
higher in M, while upregulated Acsll in GM could provoke fatty
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FIGURE 1

Transcriptome and metabolome jointly reveal different metabolic states between GM and M. (A) Research strategy for transcriptome and metabolome of
GM and M. GM and M were cultured for 7 days and were processed for RNA-seq analysis (n=2) and metabolomic analysis (n=6). (B) The volcano plot of
DEGs (FC > 2 and P < 0.05) in GM vs M. The black dots represent genes without significant difference between two groups; the red dots stand for
significantly upregulated DEGs in M and blue dots stand for significantly downregulated ones. (C, D) The top 15 KEGG metabolic pathways of
upregulated DEGs (C) and downregulated DEGs (D) in GM vs M. (E) OPLS-DA score charts combining positive and negative ion mode in metabolomic
analysis. The red dots represent M samples, and the blue dots represent GM samples. (F) The volcano plots of differential metabolites (P < 0.05 and VIP >
1) in GM vs M. The grey dots represent metabolites without significant difference between two groups, the red dots represent significantly upregulated
metabolites in M and the blue dots represent significantly downregulated ones. (G, H) The top 15 KEGG pathway analysis of upregulated differential
metabolites (G) and downregulated differential metabolites (H) in GM vs M. For (C, D) and (G, H), * indicates P<0.05. (I, 3) Common pathways of KEGG
enrichment analysis of upregulated (I) and downregulated (J) DEGs and differential metabolites between GM and M.

acid to perform B-oxidation (Figure 3F) (36). Consequently in M,
we found a larger abundance of triglyceride, as which fatty acids are
stored in cells (Figure 3G) (37). Therefore, M macrophages are
more active in FAS, primary bile acid synthesis, and lipid storage

than GM macrophages.
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As a major energy source, energy production by fatty acids, mainly
by oxidation, is second only to glucose (38). Next, we explored FAO
capacities of both kinds of macrophages. The GSEA analysis showed
that M exhibited downregulated gene expressions in lipid oxidation
(Figure 3H). In addition, all the selected genes for FAO with
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FIGURE 2

Comparison of glucose metabolism between GM and M. (A, E, N) Hierarchical cluster analysis for the gene expression for glycolysis (PATHER
pathway database) (A), TCA cycle (PATHER pathway and KEGG databases) (E), and PPP (KEGG database) (N). Color scale represents scaled FPKM
values normalized using the z-score approach. These genes were chosen from complete genes list by cutoff [log,FC| > 0.25. * indicates P < 0.05.

(B, F, O, P) Relative abundance of glycolysis (B), TCA cycle (F), PPP oxidative phase (O), and non-oxidative phase (P) metabolites measured by LC-
MS. n=6 for each group. (C) PER of GM and M when they were sequentially treated with Rot/AA (inhibitors of mitochondrial electron transport chain)
and 2-DG (inhibitors of glycolysis) from the Glycolytic Rate Assay Kit. Subtraction of mitochondrial acidification from total PER (totalPER) results in
glycolytic PER (glycoPER). n=5 for each group. (D) Quantification of glycolysis rate calculated from (C). (Left) Level of basal glycolysis representing
glycolysis rate in cells before injection of Rot/AA. (Middle) Percentage of glycoPER in totalPER before injection of Rot/AA. (Right) Levels of
compensatory glycolysis representing glycolysis rate in cells following the addition of Rot/AA. (G) GSEA analysis of OXPHOS related genes in GM
(negative) versus M (positive). (H) GM and M cells stained with Mito-Tracker Green to visualize the mitochondria in green and Hoechst 33342 to
visualize the nucleus in cyan (left). Scale bars, 50 um. (right) Quantification of mitochondrial fluorescence integrated density per cell. n=3 for each
group. () Relative mtDNA content of GM and M cells measured by RT-PCR through the relative DNA content of mtDNA gene mt-Nd1 to nDNA gene
B-actin. n=3 for each group. (J) Hierarchical cluster analysis for mitochondrial genes expression. Color scale represents scaled FPKM values
normalized using the z-score approach. (K) OCR of GM and M when they were sequentially treated with oligomycin (inhibitors of ATP synthase),
FCCP (uncoupling agent, collapsing the proton gradient and disrupting the mitochondrial membrane potential), and Rot/AA from the XF Cell Mito
Stress Test Kit. n=5 for each group. (L) Quantification of mitochondrial respiration calculated from (J). Basal respiration is calculated by the
respiration before injection of oligomycin. ATP-production coupled respiration represents the respiration decrease upon injection of oligomycin.
Maximal respiration is calculated by respiration after injection of FCCP and before injection of Rot/AA. Spare capacity is attained by the differences
between maximal respiration and basal respiration. (M) Metabolic potential measured by Cell Energy Phenotype Test Kit. Metabolic potential is
calculated by the percentage of OCR or ECAR under the stressed state in OCR or ECAR under the basal state. n=5 for each group. (Q) Diagram of
glucose metabolism. Red and green color indicates gene or metabolite upregulated in M or GM, respectively, with cutoff |log,FC| > 0.25. * indicates
[logoFC| > 0.25 and P < 0.05. For (B, D, F, H, I, L, O, P), unpaired student's t-test is performed, and for (M), two-way ANOVA is performed. P < 0.05 is
indicated by *.
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significance (P < 0.05) were upregulated in GM (Figure 3I) except for ~ OXPHOS capacity, and mitochondrial contents. These data indicated
Adiporl. Considering that acetyl-CoA, the end product of FAO, would ~ that M macrophages are burdened with higher fat storage, while GM
enter the TCA cycle for ATP production (39), the strong FAO  macrophages possess a stronger ability to oxidize lipid and provide
signature of GM is consistent with its higher TCA cycle level,  energy for cells (Figure 3]).
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FIGURE 3
Comparison of lipid metabolism between GM and M. (A) Intergroup distribution of intermediate metabolites of different types of lipid metabolism.
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comparison of GM and M groups. (C-E) Relative abundance of lipid metabolic metabolites measured by LC-MS. n=6 for each group. (F, 1)
Hierarchical cluster analysis for the gene expression of FAS (KEGG database) (F) and FAO (I). Color scale represents scaled FPKM values normalized
using z-score approach. These genes were chosen from complete genes list by cutoff |log,FC| > 0.25. * indicates P < 0.05. (G) Triglyceride
concentration of GM and M measured by Adipogenesis Colorimetric/Fluorometric Assay Kit. n=6 for each group. (H) GSEA analysis of lipid oxidation
related gene in GM (negative) versus M (positive). (J) Diagram of lipid metabolism. Red and green color indicates gene or metabolite is upregulated
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3.4 The enhanced arginine-to-ornithine/
urea metabolic cascade in GM

According to our RNA-seq and metabolic data, amino acid
metabolic pathways, especially arginine metabolism were highly
enriched in GM samples (Figures 1D, H). As shown in Figure 4A,
there was a panel of carboxylic acids and derivatives which were
significantly regulated in both types of macrophages. The essential
amino acids such as leucine, phenylalanine, histidine, and
methionine were significantly upregulated in GM, pointing to
frequent amino acid uptakes and protein synthesis (Figures 4A, B).

As a conditionally essential amino acid for mammals, arginine
is mainly metabolized by nitric oxide synthase (NOS) and Arg to
produce citrulline and NO, and ornithine and urea, respectively (40,
41) (Figure 4L). The ornithine level and urea production were
significantly higher in GM samples (Figure 4C). The expression
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levels of the indicated enzyme genes Argl and Arg2 were also
significantly increased (Figure 4D). Consistently, the enzyme
activity of Arg is significantly higher in GM samples (Figure 4E).
For M cells, the arginine level and production of citrulline were
significantly higher (Figure 4F). The indicated enzyme genes
including Nosl, Nos2, and Nos3 were all upregulated in M but
with low expression levels and no significant difference (data not
shown). Nevertheless, the enzyme activity of NOS was significantly
upregulated in M macrophages, accounting for their more active
citrulline production from arginine (Figure 4G). The NO
production accompanied by citrulline synthesis from arginine is
determined using NO assay, with M macrophages releasing more
NO in cell supernatant (Figure 4H). The preference of ornithine
production for GM and citrulline production for M was also verified
using experimental assays in cell supernatant (Figure 4H). The
argininosuccinate synthetase 1 (Assl), the enzyme responsible for
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Comparison of arginine metabolism between GM and M. (A) Intergroup distribution of carboxylic acids and derivatives. The x-axis represents the
log,FC values of M/GM. (B, C, F) Relative abundance of essential amino acids (B) and arginine metabolic metabolites (C, F) measured by LC-MS. n=6
for each group. (D, |, 3, K) FPKM values of Argl and Arg2 (D), Ass1 (I), Odcl (J), Slc7a2, and Slc7a8 (K) in our RNA-seq data. n=2 for each group.

(E) Arginase activity of GM and M measured by Arginase Activity Assay Kit. n=3 for each group. (G) NOS relative activity of GM and M measured by
Nitric Oxide Synthase Assay Kit. n=5 for each group. (H) NO concentration (left) in culture media of GM and M measured by Nitric Oxide Assay Kit.
n=3 for each group. Ornithine (middle) and citrulline (right) concentration in culture media of GM and M measured by Ornithine and Citrulline
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M or GM groups, respectively, with [log,FC| > 0.25. * indicates |log,FC| > 0.25 and P < 0.05. For (B-K), unpaired student's t-test is performed and P

< 0.05 is indicated by *.
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arginine biosynthetic pathway (42) (Figure 4L), was significantly
upregulated in GM (Figure 4I). Besides, the ornithine decarboxylase
(ODC), encoded by Odcl, a rate-limiting enzyme in the process of
metabolizing to polyamines involved in a multitude of cellular
processes including cell development, oxidative DNA damage,
and differentiation (43), was transcriptionally upregulated in GM
(Figures 4], L). We also determined the gene expression levels of
arginine transporters in our RNA-seq data. As shown in Figure 4K,
the canonical arginine transporter Slc7a2 (CAT2) (44) was uniquely
expressed in GM cells, while transporter Slc7a8 (45) was
significantly upregulated in M cells, indicating the differential
preference for arginine transport in these two types of
macrophages. Collectively, GM macrophages exhibit stronger
arginine-to-ornithine/urea pathway activity while M macrophages
are more active in the arginine to NO/citrulline cascade (Figure 4L).

3.5 High consistency of RNA-seq data of
mouse BMDMs with proteomic data of
mouse BMDMs and RNA-seq data of
human MDMs

To determine the consistency of the metabolism characteristics at
protein level and RNA level, we performed correlation analyses of our
RNA-seq data with our proteomic data of GM and M from the iProX
database (PXD041180, http://proteomecentral. proteomexchange.org/
cgi/GetDataset?ID=PXD041180). As shown in Figures 5A-C,
significantly positive correlation of mRNA and protein levels of
glucose, lipid and arginine metabolism (P < 0.05) were observed.
For instance, Pfkm for glucose metabolism were upregulated in M

10.3389/fimmu.2023.1230772

while Acsll and Fabp5 for lipid metabolism and Argl and Assl for
arginine metabolism were downregulated in M. As a result, in terms
of metabolism, the transcriptome is compatible with the protein level.
To explore the consistency of mouse macrophages with human
macrophages both primed by GM-CSF and M-CSF, we analyzed the
RNA-seq data of human MDMs from the public GEO database
(GSE135491). Data were normalized, and comparison analysis
between GM-MDMs and M-MDMs were conducted. For mouse
genes involved in the above metabolism analysis, we sorted out the
orthologous human genes and correlated their expression with
mouse RNA-seq data (Figures 5D-F). High positive correlations
(P < 0.05) were observed between these two species in terms of
glucose and arginine metabolism, while positive correlation with
less significance (P = 0.16) was observed for lipid metabolism,
including consistent gene expression trends of Pfkl, Pfkp, Idh3a, Cs,
Hk1, Fabp3, Fasn, and Argl. These results support a metabolic
compatibility of in vitro GM-CSF and M-CSF primed mouse
macrophage models with the human body to some extent.

3.6 Potential connection between
identified metabolic gene expression
and canonical inflammatory and
phagocytotic functions

Macrophages could sense and immediately respond to invading
pathogens, via chemokine and cytokine production and
phagocytosis, partially through metabolism reprograming (46).
Similarly, different differentiated status of GM and M regarding
inflammatory factor release and phagocytosis could also be
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High correlation of metabolic gene expression between mRNA and protein of mouse BMDMs and mRNA of human MDMs in vitro. (A—C) Pearson
correlation analysis of mMRNA and protein levels of genes (dots) related to glucose (A), lipid (B) and arginine (C) metabolism. (D—-F) Pearson
correlation analysis of mRNA levels of genes (dots) related to glucose (D), lipid (E), and arginine (F) metabolism derived from mouse BMDMs and
human MDMs. For (A—=F), blue and red histograms represent the data distribution of the x-axis and y-axis, respectively.
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correlated with their metabolism preferences. We performed
correlation analysis of metabolism genes’ expressions with those
of cytokine and chemokine genes (Figure S3) and phagocytosis
related genes (Figure S4), respectively, and sorted out the top 50
most correlated gene pairs (Figures 6A, B; Tables SI, 2). For
chemokine and cytokine release, lipid metabolism and glycolysis
were dominant, and among them, glycolysis gene Pfkm exhibited a
positive correlation, while lipid metabolic genes Fabp4 and Fabp7
showed a negative correlation with Tnf, 1118, and Cxcl10
(Figure 6A; Table SI1). For phagocytosis, lipid and arginine
metabolic pathways were dominant. Arginine metabolic genes
Argl and Odcl, and lipid metabolic genes Fabp7 were positively
related with Clec7a, Fcgr2b, and Msrl, while being negatively
related with Clec4d, Clecde, Fcgrl, and Lampl (Figure 6B; Table
S2). Protein-protein interaction (PPI) analysis of these genes was
also performed (Figures 6C, D). For chemokine and cytokine
release, lipid metabolic genes Pparg, Ppargcla, and Fabp4
intensely interacted with Tgfbl and Tnf, and arginine metabolic
gene Nosl, Nos2, and Nos3 intensely interacted with I112b, Tnf,
1110, 1118, and Tgfbl (Figure 6C). For phagocytosis, arginine

Lipid

Arginine

Glycolysis

TCA cycle

Ppargc1b \‘ | ’, Hk3

Cxcl9
Cxcl1

Nos1 Ppargcla

FIGURE 6

10.3389/fimmu.2023.1230772

metabolic gene Nosl is strongly connected with Itgam and
Lamp2, and glycolysis gene HK3 is strongly connected with Fegrl,
Fcgr3, Msrl, and Clec4d (Figure 6D). All these data described the
potential tight connections between metabolism and the typical
inflammatory and phagocytic actions of macrophages.

4 Discussion

Macrophages undergo maturation and activation to fulfill their
specific functional roles both in vitro and in vivo, which is mainly
mediated by various stimuli or the combinations of the stimuli,
including growth factors, cytokines, metabolites, and microbial
ligands (2, 47). Currently, there are two sets of in vitro BMDM
models that are well-established and widely used in the studies: GM-
CSF and M-CSF primed macrophage differentiation/maturation model
(8,9), and LPS/IFNy (M1) and IL4/IL13 (M2) stimulated macrophage
polarization which usually follows M-CSF-induced maturation (2, 48).
GM-CSF primed BMDMs are referred to as M1-like macrophages with
a “proinflammatory” cytokine profile and some overlapping features
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Potential connection between identified metabolic genes and function of inflammation and phagocytosis of macrophages. (A, B) Top 50 pairs of
metabolic genes (left column) and chemokine and cytokine genes (right column) (A) and phagocytosis genes (right column) (B) with the highest
correlation. Each line connects a pair of correlated genes. (C, D) PPI analysis of selected metabolic genes (pink nodes) and chemokine and cytokine
genes (purple nodes) (C) and phagocytotic genes (purple nodes) (D). The node size represents the connectivity degree. Lager nodes, larger
connectivity degree. The line thickness and color represent the combine score.
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with LPS/IENYy-induced M1, while M-CSF primed ones are referred to
as M2-like macrophages with an “anti-inflammatory” cytokine profile
and some features of IL4/IL13-induced M2 (2, 8, 49). Although
similarity exists, both the detailed inflammatory status (2) and the
metabolic characteristics regarding the preference of cytoplasmic
glycolysis and mitochondrial TCA cycle, OXPHOS, FAO, and
arginine metabolism differed from each other based on previously
published literatures and the current study (12, 13, 50). For example, in
LPS/IFNY-induced macrophages, arginine is converted to NO by iNOS,
and in IL4-induced macrophages, arginine is metabolized to urea and
ornithine by Argl (41). However, in the present study, GM
macrophages were inclined towards the arginine-to-urea/ornithine
cascade, which was driven by Argl and Arg2, whereas M
macrophages tended towards the arginine-to-NO/citrulline pathway
and exhibited higher NOS activity. In contrast to their high expression
in LPS/IENY-polarized classically activated M1 macrophages, the gene
expression levels of NOS family members were at low levels in both
GM and M cells and no significant differences were observed.
According to our previously published RNA-seq data (6), iNOS is a
strong LPS-induced gene regardless of the differentiation/maturation
with M-CSF or GM-CSF (FPKM value 0.17 vs 226.75 for M vs
M_LPS_3h; FPKM value 0.15 vs 79.69 for GM vs GM_LPS_3h). In
addition, LPS induced iNOS expression catalyzes the massive
production of NO and consequently impaired the OXPHOS activity
of macrophages (51, 52). Similarly, IL4 treatment can substantially
induce the expression of Argl (53), which is consistent with the
catalysis of arginine to urea and ornithine in alternative IL4-activated
M2 macrophages. Therefore, the metabolic status of macrophages was
highly plastic, able to rapidly adapt to their local microenvironment,
which may contain different stimuli or combinations of stimuli, to tune
their immunometabolic status and perform the different functions
required to respond to these stimuli.

Several other studies have attempted to elucidate the influences of
GM-CSF and M-CSF (or L929-CM) on the metabolic status of
macrophages (16-18). Yi Rang Na et al. investigated the metabolic
status of GM-CSF and L929-CM primed mouse BMDMs by proteomic
analysis (16). Consistent with the current study, the maximum
glycolytic capacity (complementary glycolytic capacity) was found to
be higher in GM-BMDMs. However, L929-CM and M-CSF-primed
BMDMs were reported to be metabolically different to some extent
(19). Numerous M-BMDM-enriched genes involved in glucose, lipid
and amino acid metabolism in our study were not identified in 1.929-
CM-derived macrophages. Elena Izquierdo et al. reported the glucose
metabolic characteristics of GM-CSF and M-CSF-primed human
MDMs (hMDMs) (18). The high mitochondrial ATP production
and glycolysis capacity were shared by mouse GM-BMDMs (mGM-
BMDMs) and hGM-MDMs; however, the basal glycolysis of GM and
M was not consistent in human and mouse macrophages. The
glycolytic gene Pfkp was both upregulated and Ptkfb2 was both
downregulated in mGM-BMDMs and hGM-MDMs, while the
glycolytic metabolite phosphoenolpyruvate (PEP) was increased in
hGM-MDMs but decreased in mGM-BMDMs. In 2017, Sina
Tavakoli et al. investigated the influences of GM-CSF and M-CSF on
the metabolism of mouse peritoneal macrophages (17). Consistent with
the present study, M-CSF primed peritoneal macrophages tend to
undergo glycolysis at steady state. However, a panel of glycolytic genes
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such as Hk2, Ptkp, Pgaml, and Enol were not consistent with the
present study. Due to the differences in species, macrophage sources,
culture conditions, growth factor sources, and treatment time, there are
consistencies and inconsistencies in the conclusions of GM-CSF/M-
CSF regulated metabolic changes of macrophages in vitro. In the
current study, we profiled the metabolic landscape of GM- and M-
BMDMs, and illustrated their metabolic preferences and in glucose,
lipid, and arginine metabolism using RNA-seq and metabolomics
(Figure 7). Furthermore, high consistency in metabolic gene
expression was observed between mouse macrophage mRNA and
protein levels, and human macrophage in mRNA levels. The
potential connection of these metabolic pathways with inflammation
and phagocytosis was also discussed, laying the groundwork for
mechanistic elucidation.

The present study also reveals an intriguing phenomenon that
warrants further investigation: as a member of innate immunity,
GM macrophages rely heavily on aerobic respiration, and yet
respond rapidly to the stressed environment (compensatory
glycolysis). Aerobic respiration is up to 16 times more efficient
than anaerobic respiration (about 32 vs 2 ATP production per
glucose) (54). They share the initial glycolytic pathway, but aerobic
metabolism continues with the TCA cycle and OXPHOS, which
occurs in the mitochondria of eukaryotic cells (55). In our data,
almost all the TCA cycle related genes (from pyruvate to acetyl-CoA
to TCA cycle) were significantly upregulated in GM macrophages,
as well as 13 mitochondrial encoded ETC components. The strong
mitochondrial respiratory capacity allows GM cells to fully utilize
acetyl-CoA, derived from glycolysis and lipid oxidation, for energy
production under aerobic conditions. Meanwhile, abundant glucose
and fructose-6P were accumulated in GM macrophages, and Glut1l
(Slc2al) for glucose transport and Hk2 for glucose to glucose-6P
were both significantly upregulated in the GM group to provide
additional glucose and fructose-6P for anaerobic glycolysis. In
addition, the key components for glycolysis such as Ptkp, Aldoc,
Pgaml and Enol were preferentially highly expressed in GM cells.
All of these gene expression and metabolite accumulation provide

M-BMDMs
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PPP oxidative phase

ﬂBMDMs

( TCA cycle

OXPHOS
PPP non-oxidative phase

FAS
FAO Primary bile acid synthesis
Lipid storage

Frequent amino acid uptake
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Arginine-to-ornithine/urea pathway 9 P

FIGURE 7

Metabolic programming of GM-CSF- and M-CSF- differentiated
mouse macrophages in vitro. Briefly, GM cells present higher level
of TCA cycle, OXPHOS, PPP non-oxidative phase, FAO, frequent
amino acid uptake, and arginine-to-ornithine/urea pathway. M cells
possess higher levels of glycolysis, FAS, primary bile acid synthesis,
lipid storage, and arginine-to-NO/citrulline pathway production
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GM cells with flexible glycolytic capacities in response to an
anaerobic environment. The high flexibility of the ATP
production pathway allows the GM cells to respond rapidly to the
environment and ensure a sufficient energy supply. This
phenomenon may explain its prolific production of inflammatory
chemokines and cytokines in response to pathogen infection such as
LPS (49) and its remarkable effects on tumor elimination
(unpublished data). Nevertheless, further research is needed to
determine the underlying mechanism by which GM cells possess
enhanced mitochondrial function and how this affects their
immune response.

Beyond the aspect of cell respiration, in the result of potential
connection between metabolic genes and phagocytotic functions,
Lampl, a member of lysosome-associated membrane glycoproteins
involving in autophagy process (56), and Clec genes (Clec7a,
Clec4d, and Clec4e), which belongs to C-type lectin receptors
participating in pathogens clearance (57), stand out in our data.
Autophagy is a pathway by which macrophages eliminate
pathogens, and the autophagy flux is closely related with cellular
metabolism (58, 59). Arginine metabolism genes Argl and Odcl
and FAO genes Fabp7, which were all dominantly expressed in GM,
positively correlated with Clec7a which highly expressed in GM
(Figure 6B; Table S2). According to the research conducted by
Wang et al., Clec7a+ M1 macrophages exhibited potent pro-
inflammatory and phagocytic effects compare to Clec7a-
population (60). Once pathogens infiltrate cells, their eradication
occurs by the lysosome through a series of gene regulation and
protein interaction, such as Lamp1, P62, and LC3 in the autophagy
process (61, 62). By integrating these findings and our results, the
production of polyamines, mediated by Argl and Odcl, alongside
the fatty acid breakdown process, mediated by Fabp7 and other
FAO genes, exert potentially positive effect on pathogenic
phagocyte and intracellular pathogen autophagy. Polyamines
regulate the translation factor eIF5A, ultimately promoting
mitochondrial gene expression and OXPHOS capacity in
macrophages (63). Moreover, the FAO pathway provides
reducing equivalents and then induces OXPHOS (64). During
quiescence, OXPHOS generate low-level of ROS that induce
autophagy via attenuation of ATG4B activity (65). These theories
hold promise in explicating the potential role of polyamines and
fatty acid breakdown process in intracellular pathogen autophagy
mechanism, although further robust experimentation is warranted
for their validation.

There are several limitations in this study. Firstly, GM-CSF
differentiated cells encompass a heterogeneous population
comprising both CD1lc+ MHC II+ macrophages and dendritic
cells (10). Currently, it remains unclear to which extent the specific
cell subpopulation contributes to the distinctive metabolic pathways
of GM-BMDMs. Secondly, in addition to GM-CSF and M-CSF,
macrophages in vivo are influenced by a complex array of other
factors (66). The in vitro macrophage model does not entirely
capture the intricate metabolic alterations induced by the in vivo
environment. Further more sophisticated studies using purified cell
populations or even at single cell levels will better resolve
these limitations.

Frontiers in Immunology

13

10.3389/fimmu.2023.1230772

In conclusion, we performed systematic metabolic profile of
GM-CSF and M-CSF differentiated macrophages in vitro. The
multi-omics data, coupled with experimental validation, serve as a
rich resource for deep understanding of immunometabolism of
macrophages and pave the way for finding targets by focusing on
the feature metabolic pathways of macrophages.
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