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Abstract

Granulocyte-macrophage colony-stimulating factor (GM-CSF) exerts pleiotropic effects on
macrophages and is required for self-renewal but the mechanisms responsible are unknown. Using
mouse models with disrupted GM-CSF signaling, we show GM-CSF is critical for mitochondrial
turnover, functions, and integrity. GM-CSF signaling is essential for fatty acid B-oxidation

and markedly increased tricarboxylic acid cycle activity, oxidative phosphorylation, and ATP
production. GM-CSF also regulated cytosolic pathways including glycolysis, pentose phosphate
pathway, and amino acid synthesis. We conclude that GM-CSF regulates macrophages in part
through a critical role in maintaining mitochondria, which are necessary for cellular metabolism as
well as proliferation and self-renewal.
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1.0 Introduction

Alveolar macrophages (AMs) have recently been identified as a self-renewing cell
population for which long-term maintenance does not require replenishment from non-
pulmonary sources in healthy adult mice (Ginhoux et al., 2016; Hashimoto et al., 2013;
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Sieweke and Allen, 2013); however, the mechanisms governing AM self-renewal are
unknown. Hematopoietic stem cells (HSC) undergo self-renewal and their long-term
maintenance has been well studied and demonstrated to depend on mitochondria biogenesis
(Basu et al., 2013; Cunningham et al., 2007; Takihara et al., 2019), mitophagy (lto et

al., 2016), mitochondrial metabolism and energy production (Ito et al., 2012; Ito and

Ito, 2018; Janzen et al., 2006; Manesia et al., 2015), and asymmetric cell division

(Hinge et al., 2020; Katajisto et al., 2015; Takihara et al., 2019). The proliferation

of tissue-resident macrophages can be stimulated by a number of molecules including
endogenous cytokines (granulocyte/macrophage-colony stimulating factor (GM-CSF),
macrophage-colony stimulating factor (M-CSF), interleukin-4 (IL-4), 1L-34 (Hashimoto et
al., 2013; Pridans et al., 2018; Wang et al., 2012), other biomolecules (neuropeptide FF,
nuclear retinoid X receptor, adiponectin, oxidized low-density lipoprotein), MafB levels
(Aziz et al., 2009; Soucie et al., 2016), and by activation of various normal macrophage
functions (Fc-receptor-mediated phagocytosis and complement-mediated activation (Hui et
al., 2015; Luo et al., 2005; Menendez-Gutierrez et al., 2015; Senokuchi et al., 2005; Wang
etal., 2012; Wagas et al., 2017). Notwithstanding, the precise role of any of these molecules
and underlying mechanisms in regulating AM self-renewal, is unclear.

GM-CSF has long been known to stimulate proliferation of human AMs (Nakata et

al., 1991) and numerous studies show GM-CSF regulates the survival, proliferation,
differentiation, and functions of AMs in mice and humans (Berclaz et al., 2007; Berclaz et
al., 2002a; Berclaz et al., 2002b; Bonfield et al., 2003; Carey et al., 2007; Gonzalez-Juarrero
et al., 2005; Nakata et al., 1991; Shibata et al., 2001; Suzuki et al., 2014; Uchida et al., 2009;
Uchida et al., 2004). Constitutive over-expression of GM-CSF in the lungs of transgenic
mice stimulates uncontrolled proliferation and expansion resulting in massive intra-alveolar
AM accumulation — a lung phenotype bearing a striking resemblance to a human lung
disease, desquamative interstitial pneumonitis (DIP), which is characterized by massive

AM accumulation, emphysema, increased morbidity, and increased mortality (Suzuki et al.,
2020). Systemic over-expression of GM-CSF in mice results in marked accumulation of
macrophages in tissues throughout the body and increased mortality (Lang et al., 1987).

In contrast, disruption of GM-CSF signaling results in another lung disease, pulmonary
alveolar proteinosis (PAP), characterized by functional impairment of AMs including
reduced pulmonary surfactant clearance and numerous other functions (Arumugam et al.,
2019; Suzuki et al., 2014; Suzuki et al., 2008; Suzuki et al., 2010; Trapnell and Whitsett,
2002; Willinger et al., 2011). Of note, the manifestations of this lung disease are similar
regardless of whether defective GM-CSF signaling occurs by the disruption of the ligand
GM-CSF (Csf2), ligand receptors alpha (Csf2ra) or beta subunits (Csf2rb), or neutralizing
GM-CSF autoantibodies (Arumugam et al., 2019; Berclaz et al., 2007; Dranoff et al., 1994;
Shibata et al., 2001; Suzuki et al., 2014; Suzuki et al., 2011; Tanaka et al., 2011). Disruption
of GM-CSF signaling in mice, monkeys, and man is associated with decreased expression
of the master transcriptional regulator, PU.1, in all three species, as well as the downstream
transcription factor, PPARy that is required for the AM differentiation and specification
(Berclaz et al., 2002b; Bonfield et al., 2003; Carey et al., 2007; Gonzalez-Juarrero et

al., 2005; Sakagami et al., 2010; Sallese et al., 2017; Suzuki et al., 2014; Suzuki et al.,
2011; Suzuki et al., 2008; Suzuki et al., 2010; Trapnell and Whitsett, 2002; Uchida et
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al., 2009; Uchida et al., 2004). Disruption of GM-CSF signaling is also associated with
marked downregulation of the expression of genes required for fatty acid metabolism
including carnitine palmitoyltransferase 1 (CP7-18), CPT-2, and fatty acid binding protein-1
(FABP-1), suggesting GM-CSF may be required for fatty acid metabolism in macrophages
(Suzuki et al., 2014).

Transplantation of healthy bone marrow-derived macrophages into the lungs of GM-CSF
receptor alpha (Csf2ra'~) or beta deficient (Cs2rb'~) mice without myeloablation results
in their adoption of a normal AM phenotype, engraftment, replacement of the endogenous
(dysfunctional) AMs, and long-term persistence (Suzuki et al., 2014). This model system
has been extensively studied in a program to develop this approach — pulmonary macrophage
transplantation (PMT) — as therapy of hereditary PAP caused by genetic mutations in
CSF2RA or CSFZRB. A cornerstone of the treatment approach is that the transplanted
macrophages self-renew, thereby contributing to the long-term persistence and durability of
the treatment (Arumugam et al., 2019; Suzuki et al., 2014). These studies also identified

a reciprocal feedback loop through which pulmonary GM-CSF has been demonstrated to
regulate the size of the AM population in mice (Suzuki et al., 2014). Despite its obvious
importance to PMT therapy, the mechanism(s) regulating self-renewal and persistence of the
transplanted macrophages are unknown.

Based on these findings, we hypothesized that GM-CSF regulates the proliferation of AMs
by modulating macrophage metabolism and energy production. Our experimental approach
employed genetically modified mice deficient in GM-CSF signaling to study proliferation/
cell cycle progression assays, nuclear magnetic resonance (NMR)-based metabolomics
(Matrka et al., 2017), RNA-sequencing-based transcriptomics, flow cytometry-based marker
analysis for determining mitochondrial mass and functions (Hinge et al., 2020), confocal-
and electron microscopic-based morphological/ultrastructural analysis, and Seahorse-based
measurements of metabolic activity (glycolysis and oxidative phosphorylation) and fatty
acid oxidation (FAO) analysis (Fletcher et al., 2015; Huang et al., 2014; Ito et al., 2012).
Results show that GM-CSF stimulation is required for the maintenance of mitochondrial
mass and function in macrophages, as well as for regulation of glucose and fatty acid
catabolism, amino acid and nucleotide precursor synthesis, energy production, and cellular
proliferation, all of which are relevant to AM self-renewal.

2.0 Materials and methods

2.1. Mice

The B6.SJL-Piorc?PepcfiBoyd (Stock No: 002014/B6 CD45.1), Csf2rb™'~ and Csfz!~
mice used in this study were bred in Cincinnati Children’s Hospital Research Foundation
(CCHRF) vivarium using protocols approved by the institutional animal care and use
committee (IACUC) at Cincinnati Children’s Hospital Medical Center. In this study, age-
matched (10-14-week-old) male and female mice were utilized for all experiments. The
generation of Csf2rt'~ mice and Cs£27/~ mice has been described previously (Robb et al.,
1995)(Dranoff et al., 1994).
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2.2. Preparation of bone marrow derived macrophages (BMDMs)

Mononuclear cells were isolated from the bone marrow of WT or Cs2rt™/~ mice using
Histopaque-1083 (Sigma) by centrifugation at room temperature for 30 minutes. The buffy
coat comprising of the mononuclear cells were washed with DPBS and resuspended

in DMEM containing 10% heat-inactivated fetal bovine serum (FBS), 1X penicillin/
streptomycin, 10ng/mL recombinant mouse GM-CSF (R & D systems) and 10ng/mL
recombinant mouse M-CSF (R & D systems) (complete growth medium, CGM). The cells
were plated in a 100mm dish and incubated in tissue-culture incubator for 2-3 hours. After
the initial incubation period, the non-adherent cell fractions were collected from the dishes
by gentle rinsing and seeded into a new 100mm dish for expansion and differentiation to
BMDMs. The cells were cultured for 7 days with media changes at every 2-3 days. The
adherent cells were collected on day 7 using TrypLE select enzyme (Fisher Scientific)
with 0.3% pluronic acid. The harvested BMDMSs were washed with DPBS and used for
experiments. In experiments where specified, BMDMs were derived and cultured in CGM
containing only 10ng/mL recombinant mouse M-CSF.

2.3. Collection of alveolar macrophages

Alveolar macrophages were collected from the lung surface of mice by bronchoalveolar
lavage (BAL) as described previously (LeVine et al., 1999). The cells were concentrated by
centrifugation at 1100 rpm for 10 minutes at room temperature.

2.4. Measurement of mitochondrial mass

Alveolar macrophages (50,000 cells) were sedimented onto slides (Cytospin, Shandon Inc)
by gentle centrifugation at 400 rpm for 4 minutes at room temperature using a Cytospin 4
Cytocentrifuge. Following this, the macrophages were fixed with 4% paraformaldehyde,
washed with DPBS, permeabilized using 0.1% Triton X-100 for 5 minutes at room
temperature, rinsed with DPBS, and blocked for 20 min with 2% bovine serum albumin
(BSA). After blocking, the slides were incubated with TOMMZ20 antibody for 2-4 hours at
room temperature, washed with PBS and secondary antibodies were added. Fluorescently
labeled lectin and wheat germ agglutinin (WGM) were used to stain the cell membrane of
alveolar macrophages. Counterstaining was done with DAPI. Images were acquired using
confocal microscope and measurement of TOMM20 mean fluorescence intensity was done
using NIS elements software.

2.5. Cell cycle analysis

Hoechst 33342 stain (ThermoFisher Scientific) was used for cell cycle analysis.
Approximately 0.5-1x10° cells were stained with 2ug/mL Hoechst dye and the cells were
incubated for 60 minutes at 37°C in complete medium. Within an experiment, same cell
concentration was used for staining samples. After incubation, the cells were washed,
and the fluorescence was measured using ultra-violet and 488nm excitation in a LSRII
flow cytometer (BD Sciences) instrument. The histogram plot was used to determine the
percentage of cells in GO/G1, S, and G2/M cell-cycle phases.
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2.6. Measurement of Macrophage Proliferation

2.6.1. Cell proliferation measurement based on incorporation of EdU (5-ethynyl-2’-
deoxyuridine) into newly synthesized DNA was done using a Click-iT Plus EdU Alexa
Fluor 350 flow cytometry assay kit (Invitrogen) according to the manufacturer’s instructions.
BMDMs (5x10° cells) were treated with 10pM for 2 hours and proliferating cells were
detected using a highly specific click reaction of a picolyl azide (Click-iT Plus technology)
according to the manufacturer’s staining protocol using FACS Canto Il. The fluorescent
signal generated by EdU was detected with logarithmic amplification.

2.6.2. For WST-1 based cell proliferation assay, 3x104-15x10* macrophages were plated in
a 96 well plate in a 100ul volume of complete cell culture medium. The cell proliferation
reagent WST-1 (Sigma, St. Louis) was added to the culture medium (1:10 final dilution)
for 4 hours at 37°C. Additional wells were plated with the same volume of culture medium
and WST-1 reagent for use as blank wells for background absorbance correction. After the
incubation period, the absorbance of the samples was measured against the background
control between 440 nm using an ELISA reader (Synergy HTX multimode reader, BioTek,
Winooski, VT).

2.6.3. Realtime-Glo MT Cell Viability assay: The assay was set up as a continuous read
format according to the manufacturer’s instructions (Promega, Madison, WI) in a 96 well
format using 5,000 cells/well in a 100ul volume. The MT cell viability substrate and the
NanoLuc enzyme were added to the cell suspension and the cells were incubated in a tissue
culture incubator until measurements. The reducing potential of macrophages was assessed
by measuring the luminescence at different time points. The reducing potential of the cell
was used as a metabolic marker of cell viability.

2.6.4. Macrophage proliferation was determined using Proliferating Cell Nuclear Antigen
(PCNA) staining: Briefly, immunostaining for PCNA was performed by fixing the BMDMs
(40,000 cells/slide) sedimented onto cytospin slides for 15 minutes in 4% paraformaldehyde
solution. The slides were washed thrice with PBS and permeabilized in 100% methanol
(MeOH) for 10 minutes at —20°C. After permeabilization the slides were washed thrice and
blocked for 1 hour in PBS containing 5% normal goat serum and 0.3% Triton X-100 at
room temperature. After incubation, the blocking solution was removed, and PCNA (PC10)
mouse mADb #2586 primary antibody (Cell Signaling Technology) was added to the slides
at a dilution of 1:1000 in blocking buffer and incubated overnight at 4°C. The slides were
then washed 3 times with PBS for 5 minutes between washes. The slides were then stained
for 1 hour at room temperature (dark) with Alexa fluor 488 donkey anti-mouse IgG(H+L)
(Invitrogen) at a 1:200 dilution in PBS containing 0.1% Tween20 (PBS-T). After incubation,
the slides were washed with PBS-T three times. The slides were cover slipped with Prolong
gold antifade reagent with 4°,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Life
Technologies, Eugene, OR) before visualization in a Zeiss Axioplan 2 microscope (Zeiss).
Images were obtained at 20X and 40X magnification using Axiovision Rel.4.8 software.
The quantification of the PCNA-positive cells was determined by counting both PCNA and
DAPI positive cells in five or more random 20x field for every mouse (or a minimum of 500
macrophages). Proliferation is represented as the percentage of PCNA positive cells divided
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by the total number of DAPI positive cells in all fields and multiplying the resulting number
by 100.

2.7. Cellular and mitochondrial ROS measurement

For analysis of intracellular ROS, macrophages were incubated with 5 uM 27, 7°
dichlorofluorescein diacetate (DCFDA, Invitrogen at 37°C for 30 min, followed by
acquisition using FACS Canto | (BD Sciences) within 30 minutes of staining. The level of
fluorescent 2°, 7’ dichlorofluorescein (DCF) detected was used as a measure of intracellular
ROS.

Mitochondrial superoxide (Mitosox) measurement was done by incubating macrophages
with 5uM MitoSox Red fluorogenic dye specifically targeted to mitochondria in live cells.
The cells were stained in dark a 500ul volume for 30 minutes at 37°C, washed, and the
mean fluorescence intensity of the oxidized MitoSox red was measured using FACS Canto
I within 30 minutes of staining. The forward and side scatter density plots were used to
exclude dead cell/debris.

2.8. Measurement of Mitochondrial Membrane Potential (MMP)

Tetramethyl rhodamine ethyl ester (TMRE) was used to assess the MMP according to
manufacturer’s instructions. Briefly, approximately 2x10°-5x10° macrophages were stained
in a 500ul volume with 200nM TMRE for 15-30 minutes at 37°C and 5% CO,, followed by
flow cytometry to measure the mitochondrial membrane potential.

2.9. Measurement of cellular respiration

The bioenergetic profile of BMDMs were assessed by measuring the oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) using a XF cell Mito Stress Test

kit and XF glycolysis stress kit (Agilent Technologies) per manufacturer’s instructions
using a Seahorse XF extracellular flux analyzer (Agilent technologies, North Billerica,
Billerica, MA) and the data analyzed using the Agilent Seahorse XF Wave software tool.
Briefly, 50,000 BMDMs from WT and Cs£2r'~ mice were plated in Seahorse XF96
microplates (Seahorse Biosciences, Europe) and incubated for 12 hours in DMEM medium
containing 10% fetal bovine serum (FBS), 1% Penicillin/streptomycin solution, 10ng/mL
recombinant mouse GM-CSF and 10ng/mL recombinant mouse M-CSF. Prior to assay,

the cell culture growth medium is replaced with prewarmed Seahorse XF base medium

and the plate is placed into a 37°C, non-CO» incubator for 45-60 minutes. The assay
medium for measuring OCR contains 10 mM glucose, 1mM sodium pyruvate, and 2mM
glutamine (Agilent Technologies). The first step is to measure the basal respiration in
macrophages prior to the addition of Oligomycin A (OM). Sequential addition of inhibitors
(Oligomycin A: 1.5uM), carbonyl cyanide 4-(trifluoromethoxy) phenyl-hydrazone (FCCP:
1.0 uM) and Rotenone/Antimycin A (R&AA: 0.5 uM) of the electron transport chain allow
for the calculation of basal respiration: (Last rate measurement before first injection)- (Non-
mitochondrial Respiration Rate), proton leak (Minimum rate measurement after oligomycin
injection)- (Non-mitochondrial respiration), OCR-linked ATP production (Last rate
measurement before oligomycin injection)-(Minimum rate measurement after Oligomycin
injection), maximal respiration capacity (Maximal rate measurement after FCCP injection)-
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(Non-Mitochondrial Respiration), spare respiratory capacity (Maximal respiration)-(Basal
respiration) and non-mitochondrial respiration (Minimum rate measurement after Rotenone/
antimycin A injection). Extracellular acidification rate (ECAR) allows measurement of
lactic acid levels formed during the conversion of glucose to lactate during the anaerobic
glycolysis. The following compounds are added in sequence: Glucose (10mM), Oligomycin
(1.0 pM) and 2-deoxy glucose (50mM), to enable measurements of glycolysis (Maximum
rate measurement before oligomycin injection)- (Last rate measurement before glucose
injection), glycolytic capacity (Maximum ECAR rate after Oligomycin injection) — (Last
rate measurement before glucose injection), and glycolytic reserve (Difference between
glycolytic capacity and glycolysis rate) measurements, respectively.

2.10. Fatty acid oxidation measurement

The ability of the cells to oxidize exogenous fatty acid substrates was measured

using the Agilent Seahorse XF Cell Mito Stress Test kit according to manufacturer’s
recommendations and the data analyzed using the Agilent Seahorse XF Wave software
tool as described in the previous section. BMDMs (4x10° cells) were seeded in Agilent
Seahorse XF96 cell culture microplate and allowed to adhere in complete culture medium.
The growth medium was then replaced and incubated for 24 hours with substrate limited
DMEM medium containing reduced concentrations of glucose (0.5mM), glutamax (1mM)
and fetal bovine serum (1%) to deplete endogenous substrates within the cells. Carnitine
hydrochloride (0.5mM) (Sigma, St. Louis, MO) was added fresh during the media change.
The media was then replaced with FAO assay medium containing 111mM NaCl, 4.7mM
KCI, 1.25mM CaCl,, 2mM MgSO04, 1.2mM NaH,PO, supplemented with 2.5mM glucose,
0.5mM Carnitine and 5mM HEPES and incubated for 30-45 minutes. XF Palmitate BSA
or BSA control was added to the medium just prior to the start of the XF assay. The

OCR (pmol of O,/min) was measured after sequential addition of electron transport chain
modulators Oligomycin, FCCP and Rotenone/Antimycin A.

2.11. Electron microscopy

Alveolar macrophages were purified by plating BAL fluid collected from WT and Csf2rt~
mice in 6 well plates for 2-4 hours in complete culture medium. The adherent cells were
washed with prewarmed DPBS (this adherence step is necessary due to the presence of
accumulated surfactant sediment, which cannot be separated from cells in the Csf2rt/~

and Csf2”~ mice BAL fluid) and macrophages were collected using TryPLE + 0.3%
pluronic acid for 30-40 minutes at 37°C. Live cells were counted in a hemocytometer

using trypan blue. Approximately, 1-2 million cells were harvested and centrifuged at 3000
rpm for 3 min. The cell pellet was resuspended in fresh Karnovsky’s fixative (contains

2.5% glutaraldehyde, 2% paraformaldehyde, 0.1M sodium cacodylate buffer, pH 7.3.

Final 0.1% Cacl,) and submitted to the CCHMC Electron Microscopy core for further
processing for transmission electron microscopy (TEM). The samples were post fixed in 1%
osmium tetroxide prepared in 0.15M sodium cacodylate buffer, suspended in 1.5% agarose,
processed through a graded series of alcohol solutions, followed by infiltration, and finally
embedded in LX-112 resin. After polymerization at 60°C for 3 days, ultrathin sections
(120nm) were cut using a Leica EM UC6 ultramicrotome and counterstained in 2% aqueous
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uranyl acetate and Reynold’s lead citrate. Images were taken using a transmission electron
microscope (Hitachi H-7650, Tokyo, Japan).

2.12. Nuclear magnetic resonance (NMR)-based Metabolomics

2.12.1. Media collection for extracellular metabolite analysis.—BMDMs from
WT and Csf2rt™'~ mice were generated and cultured for NMR using procedures described in
section 2.2 in complete culture medium containing 10% dialyzed serum (Sigma, St. Louis,
USA) and with no HEPES addition. The BMDMs (2x106 cells) were plated in a 100mm
tissue culture dish with complete culture medium with dialyzed serum for an additional 48
hours at 37°C prior to collection for NMR analysis. The media collected from cultured cells
is termed as conditioned media. Media was also collected at an initial time point (Tinitial

or To media) before culture. This media is termed “unused media”. Media (1 mL) was
centrifuged at 2,000 x g at 4° for 5 minutes and the supernatant (800 pL) was transferred
into a new eppendorf tube, frozen in liquid nitrogen, and stored at —80°C. Just prior to

the NMR, samples were thawed on ice and centrifuged 4,000 x g for 5 min at 4°C. The
supernatant (600 pL) was aliquoted onto pre-washed 3 kDa spin filters (NANOSEP 3K, Pall
Life Sciences), centrifuged 10,000 x g for 90 min at 4°C, and the media filtrate was mixed
with NMR buffer up to 600 pL.

2.12.2. Cell Sample Preparation: For NMR, adherent macrophages were washed
twice with ice-cold PBS followed by adding 1mL of ice-cold MeOH/H,0 (80:20) solvent
mixture to precipitate cellular proteins. The macrophages were scraped vigorously in the
MeOH/H,0 solvent mixture and the cell extracts were collected in 2ml Eppendorf tubes.
The culture dishes were washed with 500 pL of MeOH/H,0 solution and the cell extracts
were pooled. The tubes were vortexed, incubated on ice for 5 minutes, centrifuged at
5,725xg for 5 minutes, and the supernatant was snap frozen for NMR analysis. The cell
pellet was also snap frozen and stored for protein analysis. Cellular protein measurements
were done according to the manufacturer’s instructions using the Pierce BCA Protein assay
kit (Thermo Fisher Scientific). The metabolite concentrations were normalized to the total
protein concentrations. Prior to the NMR analysis, the methanol phase was dried in a
SpeedVac centrifuge for 4-6 h and stored at —20°C. On the day of the NMR analysis, the
dried polar extract samples were resuspended in 220 pL of NMR buffer (100 mM potassium
phosphate (pH 7.3), 0.1% sodium azide, 1mM trimethylsilylproprionate (TSP) in 100%
D,0).

2.12.3 NMR Spectroscopy and data analysis—The experiments were conducted
using 200 pL cell extracts samples in 103.5 mm x 3 mm NMR tubes (Bruker Analytik,
Rheinstetten, Germany) and 550 pL media samples in 103.5 mm x 5 mm NMR tubes.

The data was acquired on a Bruker Avance Il 600 MHz spectrometer with Prodigy BBO
cryoprobe as previously described (Maki et al., 2020). Metabolites were assigned based on
1D 1H and 2D NMR experiments by comparing the chemical shifts with reference spectra
found in databases, such as the Human Metabolome Database (HMDB) (Wishart et al.,
2007), the Madison metabolomics consortium database (MMCD) (Cui et al., 2008), the
biological magnetic resonance data bank (BMRB) (Ulrich et al., 2008), and Chenomx®
NMR Suite profiling software (Chenomx Inc. version 8.1).
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The quantification of metabolites was performed on Chenomx software based on the
Trimethylsilylpropanoic acid (TMSP) internal reference in the NMR spectrum. The cellular
metabolite concentrations were normalized to total protein extracted from each sample

to normalize for the differences in number of cells per sample. Normalized metabolite
concentrations (umoles/mg total protein) were then assessed by multivariate and univariate
analysis. All the multivariate analysis were performed with MetaboAnalyst 4.0 (Chong et
al., 2019) and the plots were generated using Graph Pad Prism.

2.13. Flow cytometry measurements

BMDMs were immunostained to detect Glutl, Glut3 (Novus biologicals) and CD36
(Thermo Fisher scientific) expression according to manufacturer’s instructions and evaluated
using FACS Canto II.

2.14. Transcriptome Analysis of bone marrow-derived macrophages

Total RNA was isolated from BMDMs using TRIzol Reagent (Life Technologies, Carlsbad,
CA) according to manufacturer’s instructions. Total RNA concentrations were determined
by Invitrogen Qbit high sensitivity spectrofluorometer. For sequencing, 300ng of total RNA
is poly A selected and reverse transcribed using Illumina’s TruSeq stranded mRNA library
preparation kit. Each sample can be fitted with one of 24 adapters containing a different 8
base molecular barcode for high level multiplexing. After 15 cycles of PCR amplification,
completed libraries are sequenced on an Illumina HiSeg2500 in Rapid Mode, generating 20
million or more high quality 75 base long paired end reads per sample.

2.15. Gene expression analysis using quantitative reverse transcription (QRT) polymerase
chain reaction (PCR).

Complementary DNA (cDNA) synthesis was performed using Superscript

I11 First-Strand Synthesis System (Invitrogen). qRT-PCR assays were

performed with the CFX384 Touch Real-Time PCR Detection system

(Bio-Rad, Hercules) for the key apoptotic genes Bc/2 (Forward:
GTACCTGAACCGGCATCTG; Reverse: GCTGAGCAGGGTCTTCAGAG), Bcl-xL
(Forward: CTGGCTAGGAGCCCTTCAG,; Reverse: AGGGATGAGACAGGCCAAG),

Bid (Forward: GTGAGGAACTTGGTTAGAAACGA, Reverse:
CAGGCCAAGGTCTTTCCAT), and Bim (Forward: TTCCCGTTCACTGCTTTAGG;
Reverse: GGGTGCCAGAACCTCTGTAG) were determined using SYBR green super mix
(Bio-Rad). Target-gene transcripts in each sample were normalized to hypoxanthine guanine
phosphoribosyl transferase (Hprt, Forward: GCCCTTGACTATAATGAGTACTTCAGG;
Reverse: TTCAACTTGCGCTCATCTTAGG). The relative expression of genes Apafi
(Mm01223701_m1) and Caspase 3(Mm01195085_m1) were carried out using the primer
probe sets were purchased from ThermoFisher Scientific. The Apafl and Caspase3 gene
expression was normalized to the 18s RNA (4310893E) expression. The gRT-PCR runs were
performed on an StepOnePlus Real-time PCR system (ThermoFisher Scientific). Data is
expressed as fold change of the mean relative to gene expression of WT macrophages.
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2.16. Measurement of Cytochrome c release

BMDM s (0.5x105 cells) were first immunostained to label mitochondria using a working
concentration of 300nM mitotracker red CMXRos (Invitrogen, Eugene, OR) according to
manufacturer’s instructions for staining adherent cells. After the staining is complete, the
cells were washed once with PBS and harvested from the plates using additional PBS.
The cells were centrifuged, and the pellet was fixed with IC fixation buffer (Invitrogen)
at room temperature for 1 hour. Following fixation, the cells were washed twice with 1X
permeabilization buffer (Invitrogen). The cells were then stained with anti-cytochrome C
(0.5ug/test) and washed twice with 1X permeabilization buffer. Mouse 1gG kappa isotype
(Invitrogen) stained BMDM sample was used as a negative control. The stained samples
were acquired in FACS Canto Il and analyzed using FACS Diva software.

2.17. Statistical Analysis

Numeric data were evaluated for a normal distribution using the Shapiro-Wilk and

presented as mean + SD for each group. Statistical comparisons were made using an
unpaired Student’s t-test or two-tailed, non-parametric Mann-Whitney test, as appropriate.
Statistical analysis was performed using GraphPad Prism 7 software. P-values of <0.05 were
considered as statistically significant. All the experiments were repeated at least twice with
similar results.

3.0. Results

3.1. GM-CSF stimulates cell cycle progression and proliferation of macrophages

Because bone marrow-derived macrophages (BMDMs) proliferate in proportion to
endogenous pulmonary GM-CSF concentration after pulmonary transplantation into Csf2rb
deficient (Csf2rb7'~) mice (Arumugam et al., 2019; Suzuki et al., 2014), we first measured
proliferation using a highly sensitive EdU incorporation method that detects DNA synthesis
in proliferating cells. Compared to wild type (WT) BMDMSs, Csf2r5™'~ and Csf2”'~ BMDMs
showed reduced percentage of EdU+ cells (Fig 1A, C) suggesting reduced proliferation in
the absence of GM-CSF receptor signaling. We further measured cellular proliferation of
BMDMs using an assay based on quantification of mitochondrial metabolic activity-based
formazan chromophore formation, which showed that Csf2r5~ and Csf2'~ BMDMs had
reduced proliferation compared to WT BMDMs (Fig. s1C-D). In addition, compared to
WT macrophages the Csf2rb™/~ and CsfZ~/~ showed significantly reduced percentage of
PCNA-positive cells (Fig. sLA-B) further supporting the findings from EdU incorporation
studies and cell cycle analysis.

Next, we determined the cell-cycle status (i.e., GO/G1—S—G2—M) of bone marrow-
derived macrophages /n vitro. Compared to wild type (WT) BMDMs, Csf2rb™/~ and Csf2/~
BMDMs had significantly reduced cell-cycle progression (Fig. 1B, D). Interestingly, WT
BMDMs grown in CGM without GM-CSF revealed no significant differences in the

fraction of cycling cells in the S/G2-M phase compared to Csf2rb~/~ macrophages (Fig.
s2A-B). Since cell-cycle progression and proliferation require energy, we evaluated the
metabolic activity of BMDMs, which showed that Cs£2r6~/~ BMDMs had markedly reduced
metabolism compared to WT at all time points evaluated (Fig. 1E). Since the production
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of reactive oxygen species (ROS) is proportional to cellular metabolism and proliferation,
we measured the effects of GM-CSF deprivation on production of singlet oxygen (10,),
superoxide ('Oy), and hydroxyl radical (HO) generation using a DCFDA-based assay,
which showed ROS production by Csf2rt™/~ and Csf2”/~ BMDMs was significantly reduced
compared to WT BMDMs (Fig. 1F-G and Fig. s3). Together, these results show that the
metabolic activity of macrophages was reduced in the absence of GM-CSF stimulation and
correlated with reduced cellular proliferation.

3.2. GM-CSF is required for Mitochondrial Mass, Integrity, and Function in Macrophages

Since our data revealed decrease in the metabolic activity in the absence of GM-CSF
signaling, we evaluated the effects of GM-CSF on mitochondrial structure and function.
AMs from WT or Csf2rt7'~ mice were immunostained with an antibody to Translocase of
Outer Mitochondrial Membrane 20 (TOMM20), an integral membrane protein distributed
across the outer mitochondrial membrane (OMM) surface, as well as with wheat germ
agglutinin (to label the macrophage plasma membrane), and 4”,6-diamidino-2-phenylindole
(to label the macrophage nucleus) and examined by confocal immunofluorescence
microscopy. TOMMZ20 was chosen instead of MitoTracker green chromophore because
binding of the former is unaffected by mitochondrial activity and membrane potential (de
Almeida et al., 2017; Ito and Suda, 2014; Keij et al., 2000). Results show that mitochondrial
mass was higher in Csf2rt™/~ and CsfZ”/~ macrophages compared to WT macrophages
(Fig. 2A and Fig. s4A, respectively). Quantification of TOMMZ20 fluorescence showed

that, compared to WT macrophages, Csf2rb~'~ macrophages had a 2.5-fold greater mean
fluorescence intensity indicating an increase in mitochondrial mass (Fig. 2B).

Next, mitochondrial membrane potential (MMP) was measured using tetramethylrhodamine
ethyl ester (TMRE), a cell-permeant, cationic fluorescent dye readily sequestered by active
mitochondria due to their negative charge on the outer membrane surface. Results showed
that TMRE uptake was reduced in Cs#2r6™/~ macrophages compared to WT macrophages
(Fig. 2C and Fig. s4C), consistent with depolarization or inactivation of mitochondria.

Production of mitochondrial superoxide species (O, ™) was also measured using MitoSox
Red reagent, a fluorogenic molecule specifically targeted to mitochondria in live cells
that fluoresces in proportion to superoxide (O, ™) production. Mitochondrial superoxide
production was reduced in Csf2r'~ and CsfZ”/~ macrophages compared to WT
macrophages (Fig. 2D and Fig. s4B, D).

Since Csf2rb™'~ macrophages had an increased mitochondrial mass with reduced membrane
potential and reduced ROS production, we evaluated mitochondrial ultrastructure using
transmission electron microscopy. Results confirmed the increase in mitochondrial mass
and identified ultrastructural abnormalities including increased mitochondrial numbers of
large, hyperfused, and also short mitochondria in Csf2r'~ macrophages compared to WT
macrophages (Fig. 2E). Together, these results indicate that GM-CSF signaling is required
for maintenance of mitochondrial structure, integrity and functions in macrophages.
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3.3. GM-CSF Regulation of Fatty Acid-Based Energy Production in Macrophages

To maintain lung homeostasis, AMs must constitutively clear fatty acid-containing
surfactant phospholipids — a function that requires GM-CSF stimulation. Since fatty acid
catabolism occurs by p-oxidation in mitochondria and expression of fatty acid transporters
CPT1la and CPT2 (located in the outer and inner mitochondrial membrane, respectively)
also require GM-CSF stimulation, we examined the effects of GM-CSF on mitochondrial
metabolism in macrophage by measuring OCR using a Seahorse extracellular flux analyzer
with the XF Long Chain Fatty Acid Oxidation Stress Test Kit using palmitate as the
exogenous fuel source. Cells were cultured in substrate-limited medium supplemented with
carnitine to prime them to metabolize exogenous fatty acids. Compared to WT macrophages,
Csf2r™'~ and CsfZ”'~ macrophages had significant reductions in basal respiration, ATP-
linked respiration, maximal respiration, and non-mitochondrial respiration (Fig. 3A-C, E).
Under these conditions, the spare respiratory capacity of Csf2r6~'~ macrophages, a measure
of the cellular capacity to respond to an energy demand, was zero, indicating an absence of
the ability to respond to an energy demand through p-oxidation of palmitate. To evaluate
the potential for a cellular response to reduced fatty acid oxidation in the absence of GM-
CSF signaling, we measured expression of CD36, which participates in cellular uptake of
long-chain fatty acids. Results show it was significantly upregulated in Csf2r6~/~ compared
to WT macrophages (Fig. 3D), indicating that macrophages were unable to metabolize
exogenous free fatty acids for energy production in the absence of GM-CSF stimulation.

3.4. GM-CSF Regulation of Glucose-Derived Energy Production in Macrophages

To better define the mechanism(s) by which GM-CSF regulates metabolism in
macrophages, we measured cellular oxygen consumption rate (OCR) — a correlate of
oxidative phosphorylation, and extracellular acidification rate (ECAR) — a correlate of
glycolysis, using a Seahorse extracellular flux analyzer with a XF Cell Mito Stress

Test Kit and Glycolysis Stress Test Kit, respectively, using glucose as the exogenous
fuel source. Compared to WT macrophages, Csf2r5™'~ and Csf2”'~ macrophages had
significant reductions in basal respiration, ATP-linked respiration, maximal respiration,
and non-mitochondrial respiration (Fig. 4A-B and C-D, respectively). Interestingly, WT
macrophages cultured in complete growth medium in the absence of GM-CSF showed
reduced mitochondrial respiration parameters and that were not statistically different when
compared to Csf2rb™/~ or Csf2”~ macrophages (Fig. s5).

Furthermore, glycolysis and glycolytic capacity (maximum conversion of glucose to
pyruvate, which correlates with ECAR) were significantly reduced in Csf2rt'~ and Csf2~
macrophages compared to WT macrophages (Fig. 5A-B, C-D, respectively). In addition,
the glycolytic reserve (a measure of the cellular capacity to respond to an energy demand as
well as the proximity of its glycolytic functional capacity to the theoretical maximum) was
very small in both Csf2r67/~ and Csf2”'~ macrophages (Fig. 5B, D). Overall, these results
demonstrate that GM-CSF regulates glucose metabolism in macrophages to generate energy
needed for cell survival and proliferation.
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3.5. GM-CSF Regulates Multiple Metabolic Pathways Required for Macrophage

Proliferation

To broadly address the potential role of GM-CSF in macrophage metabolism, NMR-based
metabolomics were performed on cultured BMDMs from WT and Csf2r67'~ mice and on
conditioned media (CM) to simultaneously quantify biochemical substrates, intermediates,
and byproducts of several metabolic pathways including glycolysis, tricarboxylic acid
(TCA) cycle, pentose phosphate pathway, and amino acid biosynthesis. One-dimensional
1H spectral analysis of polar cell extracts, or CM (following /n vitro culture for 48

hours) identified 28 differentially expressed metabolites from WT or Csf2rt'~ BMDMs,
respectively (Figure 6). A principal component analysis (PCA) scores plot of the results
revealed strikingly different profiles for intracellular metabolites in WT and Csf2rt'~
BMDMs in principal component 1 (PC1) with an explained variance of 82.3% (Fig. 6A).
Similarly, the results for extracellular metabolites also revealed markedly different profiles
in WT and Csf2r~/~-CM with PC1 accounting for 92.9% of the total variance (Fig.6B).
Further, the metabolic profiles of Csf2r/~-CM closely resembled that of unconditioned
media but was widely different from that of WT-CM based on the groupings within the
scores plot (Fig. 6B). Unsupervised hierarchical clustering and heat map analysis of BMDM
extracts demonstrated widely differing segregation of the metabolic profiles between WT
and Csf2rb'- BMDM s and similar profiles of the respective strain-specific replicates (Fig.
6C).

3.5.1. Glycolysis—We first examined biomolecules involved in glycolysis, the primary
energy producing metabolic pathway in the cytoplasm. Compared to WT macrophages,

the intracellular glucose concentration was significantly increased while lactate, UDP-
glucose, and UDP-N-acetyl glucosamine concentrations were significantly decreased in
Csf2r”'~ BMDMs, suggesting glycolytic metabolism was reduced in the absence of GM-
CSF signaling (Fig. 7A). Consistent with this possibility, the analysis of extracellular
metabolites in comparison to WT-CM revealed reduced glucose uptake and concomitant
reduction in lactate production in Csf2r™/~ CM. (Fig. 7B). Further, expression of the major
glucose transporters (Glutl and Glut3) normally present in macrophages were increased in
Csf2r”'~ BMDMs compared to WT BMDMs (Fig. 7C). Together, these findings support
the conclusion that glycolysis is reduced in macrophages in the absence of stimulation by
GM-CSF.

3.5.2. TCA Cycle—Next, we examined metabolites related to the TCA cycle, a series
of chemical reactions in mitochondria that produce energy through oxidation of acetyl
coenzyme A (acetyl-CoA) derived from carbohydrates, fats, and proteins. Compared to WT
macrophages, the intracellular concentrations of succinate and fumarate were significantly
decreased (the latter was undetectable) and acetate was significantly increased in Csf2rt/~
(KO) macrophages compared to WT macrophages; citrate levels were not different (Fig.
7D). Together, the reduction in key TCA cycle intermediates coupled with increased
acetate (which is consumed in converting pyruvate to acetyl-CoA a principal metabolite
consumed in TCA cycle) suggest decreased mitochondrial regulation. The increase in
acetate levels could be due to de novo acetate production, which can occur in limited
metabolic environments such as during mitochondrial dysfunction to maintain acetyl-CoA
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pools and cell proliferation (Liu et al., 2018). These data suggest that TCA cycle-based
metabolism is reduced in macrophages in the absence of GM-CSF stimulation.

3.5.3. Pentose Phosphate Pathway and Amino Acid biosynthesis—The pentose
phosphate pathway (also called the hexose monophosphate shunt or phospho-gluconate
pathway) is a cytosolic pathway parallel to glycolysis that generates NADPH, pentoses,

and ribose 5-phosphate, which are used in the synthesis of fatty acids, amino acids, and
nucleotides, respectively. Compared to WT macrophages, the intracellular concentrations of
amino acids normally synthesized from glycolysis, the TCA cycle, and pentose phosphate
pathway were markedly altered in Cs£2r57/~ macrophages. Importantly, the levels of
phenylalanine and histidine were undetectable (Fig. 7E), while the levels of other amino
acids (alanine, tyrosine, glycine, leucine, valine, glutamine, aspartate, threonine, and
isoleucine) were significantly reduced (Fig. 7E, Fig. s6). Thus, these protein building
blocks, and sources of energy used for survival in starved cells were reduced in Csf2rb!~
macrophages. The reduced extracellular concentration of glutamate (Fig. 7G) was consistent
with these results, which together, suggest decreased synthesis/secretion of non-essential
amino acids in the absence of GM-CSF.

3.5.4. Oxidation/Reduction Metabolites—Glutathione, an important regulator of
cell proliferation, was significantly reduced in Csf2r/~ macrophages compared to WT
macrophages (Fig. 7F). Glutathione is synthesized in the cytosol from L-glutamate and
L-glycine, both of which were significantly reduced in Csf2r5~'~ macrophages compared
to WT macrophages (Fig. 7G, Fig. s6A). Taurine, a regulator of the cellular redox
homeostasis, (Seidel et al., 2019) was significantly increased in Csf2rt™'~ compared to
WT macrophages (Fig. 7F), suggesting accumulation and reduced metabolism leading to
the observed decrease in ROS production (Fig. 7E) through its effects on mitochondrial
bioenergetics. Since the glutathione-redox system utilizes electrons from NADPH to
maintain ribonucleotide reductase activity, a rate-limiting enzyme in DNA synthesis, these
results suggest that GM-CSF signaling deficiency may impact cellular proliferation by
impairing DNA synthesis.

Together, these metabolomics results indicate that GM-CSF simulation has profound effects
on several metabolic pathways relevant to cellular proliferation including cytosolic and
mitochondrial metabolism.

3.6. Transcriptomic Analysis of GM-CSF-Regulated Involved in Macrophage Metabolism

To broadly evaluate GM-CSF regulation of genes important in cellular metabolism, genome-
wide mRNA expression profiling was performed on WT and Cs72r6/~ macrophages
followed by supervised analyses of genes related to glycolysis, the TCA cycle, pentose
phosphate pathway, and fatty acid oxidation.

3.6.1. Glycolysis—Transcript levels of glycolysis-relevant enzymes were consistently
altered among macrophage replicates from Csf2r6'~ mice compared to WT mice (Fig.
8A). Importantly, transcripts encoding hexokinase isoform 2 (HK2), which catalyzes the
essential initial step of glucose metabolism (conversion of glucose to glucose-6-phosphate)
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was consistently down-regulated in all replicates of Csf2r6~ macrophages compared

to WT macrophages (Fig. 8A). Further, transcripts encoding ATP-dependent 6-phospho-
fructokinase 2 (PfKl), the enzyme that converts D-fructose 6-phosphate to fructose 1,6-
bisphosphate, a key regulator, which commits glucose to the first step of glycolysis, and
lactate dehydrogenase a (LDHa), which catalyzes the conversion of pyruvate to lactate,
were both consistently reduced in Csf2r6'~ macrophages compared to WT macrophages
(Fig. 8A). Transcripts for other genes important to glycolysis (Myc, Hifla, and Ppargcla)
were also decreased in Csf2rb/~ macrophages compared to WT macrophages (Fig. 8A).
Inhibition of this step prevents glucose turnover that produce NADH via glycolysis (Fig.
8A).

3.6.2. TCA Cycle—Transcript levels for TCA cycle-relevant enzymes were also
consistently altered among macrophage replicates from Csf2rt™/~ compared to WT mice
(Fig. 8B). Specifically, transcripts for citrate synthase (Cs), the ubiquitous, rate-limiting
enzyme that commits acetyl-CoA to the TCA cycle by combining with oxaloacetate and
water (H,0) to form citrate and reduced CoA, were consistently reduced in Csf2rt/~
macrophages compared to WT macrophages (Fig. 8B). Further, transcripts for other key
TCA cycle enzymes (mitochondrial malate dehydrogenase 2 (Mdh2), fumarate hydratase
1 (FhI), succinate dehydrogenase assembly factor 2 (Sahaf?), succinate dehydrogenase
complex and subunit D integral membrane protein (Sa/d)) were also reduced in Csf2rb!~
macrophages compared to WT macrophages (Fig. 8B).

3.6.3. Pentose phosphate pathway—The pentose phosphate pathway comprises an
initial, oxidative phase in which NADPH is generated and a subsequent, non-oxidative phase
in which 5-carbon sugars and ribose 5-phosphate are produced and used in the synthesis
of amino acids and nucleotides, respectively. Transcript levels for pathway components in
the oxidative phase were consistently increased while those in the non-oxidative phase
were consistently decreased in Csf2rt™/~ macrophages compared to WT macrophages
(Fig. 8C). Of particular relevance to DNA synthesis, transcript levels for non-oxidative

or ‘anabolic’ phase genes (ribose 5-PO4 isomerase A (Rpid), sedoheptulose kinase (S/0K)
and transketolase (k%) were consistently reduced in replicates of Csf2rt~/~ macrophages
compared to WT macrophages (Fig. 8C), implying that conversion of glucose to ribose-5-
phosphates for the synthesis of nucleotide precursors is reduced.

3.6.4. Oxidative Phosphorylation—Energy production via oxidative phosphorylation
involves three major steps: 1) oxidation-reduction reactions involving electron transfers
between specialized proteins embedded in the inner mitochondrial membrane; 2) generation
of a proton (and electrical) gradient across the inner mitochondrial membrane; and 3)
synthesis of ATP using energy from the spontaneous diffusion of electrons down the

proton gradient generated in step 2. Transcript levels encoding genes involved in oxidative
phosphorylation were very consistently altered in Cs2rb™~ macrophages compared to WT
macrophages (Fig. 8D). Interestingly, transcripts for a number of mitochondrial encoded
genes including cytochrome (Cyt) ¢ oxidase — the terminal enzyme of the electron transport
chain — (e.g., subunits I, 11, and Il (Mt-co1, Mt-co2, Mt-co3), NADH dehydrogenase 2

and 4 (Mt-Nad2, Mt-Nd4), cytochrome ¢ oxidase subunit 4A (Coxb5a), cytochrome b (Mt-
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Cyth), peptidylprolyl isomerase f (Ppif) and ATP synthase 6 (Mt-Afp6) were consistently
and markedly reduced in Csf2rb™~ macrophages compared to WT macrophages (Fig.

8D). In contrast, transcripts for non-mitochondrial genes encoding NADH dehydrogenase
(ubiquinone) subunits (e.g., Naufaz, Ndufb8, Ndufb9, Nfduc2, Naufs1, Ndufs2) were
consistently upregulated in Csf2rb™~ macrophages compared to WT macrophages (Fig. 8D).

Further, quantitative RT-PCR analysis of transcripts critical to apoptosis (Bim, Bcl2, Bcl-
xL, Bid, Apafl and Casp3) revealed significant upregulation in Csf2rb™~ macrophages
compared to WT macrophages (Fig. s7A). Dual staining of BMDMs using a mitochondria-
specific fluorescent dye mitotracker red and anti-cytochrome C revealed a significant
decrease in cytochrome c distribution as measured by Cyt ¢ mean fluorescence intensity

in the mitochondria of Csf2rb™~and Csf2”'~ macrophages compared to WT macrophages
(Fig. s7TB-E), suggesting cytochrome c release from the mitochondria to cytosol during early
phase of apoptosis. Together, these transcriptomics results indicate that GM-CSF signaling is
important for the expression of mitochondrial encoded genes relevant to ATP production and
cytochrome c-dependent apoptosis.

3.7. GM-CSF Deficiency Impairs ATP Production in Macrophages

Since several lines of evidence indicate that disruption of GM-CSF signaling in
macrophages results in reduced ATP generation, we further evaluated the intracellular levels
of ATP and its precursors, ADP and AMP from metabolomics data. Compared to WT
macrophages, Csf2rb™~ macrophages had reduced levels of ATP and increased intracellular
levels of AMP and ADP (Fig. 9A), resulting in increased ratios of AMP: ATP, ADP: ATP
and AMP:ADP (Fig. 9B). Since an increased AMP:ATP ratio is associated with reduced
proliferation (Hardie, 2011; Wang et al., 2003) as well as reduced cell viability (Maldonado
and Lemasters, 2014), these results confirm the reduced ATP generation in macrophages
without GM-CSF stimulation and support the conclusion that GM-CSF is a critical regulator
of mitochondrial functions critical to macrophage proliferation and cell survival.

4. Discussion

In this report, we show that disruption of GM-CSF signaling resulted in multiple
mitochondrial abnormalities including undetectable fatty acid metabolism, reduced TCA
cycle activity, reduced oxidative phosphorylation, reduced production of ROS and ATP, and
a reduced mitochondrial membrane potential and, paradoxically, increased mitochondrial
mass — suggesting mitophagy is impaired. Further, loss of GM-CSF signaling was associated
with reduced amino acid biosynthesis, glutathione formation, and glycolysis, as well as
widespread changes in the expression of genes involved in metabolic pathways including
TCA cycle, oxidative phosphorylation, glycolysis, and the pentose phosphate pathway.
These results indicate GM-CSF exerts pleiotropic effects on macrophages through critical
regulation of mitochondrial turnover, function, and integrity (Figure 10).

The observation that metabolism was severely reduced in macrophages in the absence of
GM-CSF signaling has important implications for cellular proliferation but also for viability
and the numerous housekeeping and host defense functions for which macrophages are
responsible. While glycolysis was moderately reduced (by about half), fatty acid catabolism
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was abolished, suggesting that, in macrophages, GM-CSF may have a more important

role in regulating the catabolism of fatty acids than of glucose. This interpretation is
supported by the observation that normal macrophages had a low glycolytic reserve and
GM-CSF signaling-deficient macrophages had very little ATP production from palmitate
utilization and no detectible spare capacity through fatty acid catabolism. Further, for AMs,
this interpretation is consistent with the low concentration of glucose normally present

in lung epithelial lining fluid (Baker et al., 2007; Valeyre et al., 1991) and also with

their constitutive responsibility for clearing fatty acid-containing phospholipids from the
alveolar surface. Lastly, it suggests the possibility that AMs may normally derive more

of their energy from the catabolism of fatty acid-containing surfactant phospholipids than
from glucose. One potential explanation for the inability of GM-CSF signaling-deprived
macrophages to metabolize fatty acids is the lack of expression of CPT1a, CPT2, and
FABP1 (Suzuki et al., 2014), which facilitate translocation of fatty acids into mitochondria
where they are metabolized via p-oxidation (Jones and Bennett, 2017). Another is the
impairment of mitochondrial integrity and function that occurs in macrophages devoid of
GM-CSF stimulation. It is also possible that the reduced availability of ATP may contribute
to the metabolic defects through frustration of rate-limiting ATP-dependent reactions. The
increased levels of Glutl, Glut3, and CD36 in Csf2rb™/~ macrophages suggests a possible
(although admittedly speculative) compensatory physiological cellular response aimed at
increasing substrate availability in an effort to increase glycolysis and fatty acid oxidation.

The observed reduction in amino acids derived from glycolysis (pyruvate, alanine,

valine, leucine, glycine), TCA cycle (aspartate, glutamate, methionine, threonine and
isoleucine), and the pentose pathway (histidine) was supported by marked alterations in
the transcriptome for genes related to these pathways. Reduced expression of the non-
oxidative (anabolic) phase of the pentose pathway suggests that production of ribose-5-
phosphate may also be impaired in GM-CSF signaling deficient macrophages. The striking
absence of phenylalanine and histidine and reductions in isoleucine, leucine, threonine
and valine are important since they comprise the essential amino acids. In addition,
reduced levels of glycolytic and TCA cycle intermediates/derivatives that contribute to
histone epigenetic modifications including methylation (glycine and betaine), acetylation
(acetate) and phosphorylation (AMP/ATP and ADP/ATP ratios) suggest a role for GM-
CSF in regulating chromatin modifications during macrophage proliferation. Together,
these changes suggest that GM-CSF normally stimulates the synthesis of multiple cellular
building blocks required for ATP, protein and DNA synthesis that are required for cellular
proliferation.

The observation that the genes involved in oxidative phosphorylation that were
downregulated are located in the mitochondrial DNA while those that were upregulated
are encoded in the non-mitochondrial DNA was particularly interesting and supports a
vital role for GM-CSF in mitochondrial function. This concept is further supported by
the observation that, in the absence of GM-CSF stimulation, mitochondrial membrane
potential, oxidative phosphorylation, and ATP production are all severely reduced and
mitochondrial ultrastructure is disrupted. The marked increase in mitochondrial mass is
interesting although the mechanism responsible is unclear.
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Peroxisome proliferator-activated receptor -y (PPARYy) and PPAR-y coactivator 1a (PGC1 a)
play crucial roles in the coordinated regulation of energy metabolism through their effects
on fatty acid oxidation, glucose transport, mitochondrial and peroxisomal remodeling,
mitochondrial biogenesis, and oxidative phosphorylation (Austin and St-Pierre, 2012). Our
current observation of reduced PGC1 a expression and decreased mitochondrial membrane
potential in the absence of GM-CSF signaling points towards defective mitochondrial
clearance (mitophagy). Our previous report in Csf2rb™~ AMs showed decreased Park2
expression but with no change in the Pinkl levels further supporting our theory that
GM-CSF signaling is required for mitophagy, essential to maintain mitochondrial quality
control. Accumulation of dysfunctional mitochondria has significant implications in
cellular proliferation and long-term maintenance. In HSCs, accumulation of dysfunctional
mitochondria has been shown to confer divisional memory necessary for their regenerative
potential (Hinge et al., 2020). Decreased expression of PGC1a/PPARy in pulmonary artery
smooth muscle cells led to derangements in mitochondrial structure and function (Yeligar et
al., 2018).

The observation that GM-CSF signaling is critical to the proliferation of macrophages is
further supported by the findings in Csf2rband Csf2~~ mice showing reduced glutathione
and cellular ROS levels, and greater percentage of cells arrested in the GO/G1 phase of

the cell cycle and thus compromised cell division. Multiple lines of evidence from this
study suggest that decreased ATP generation in Csf2r6'~ macrophages leads to increases
in AMP-ADP/ATP ratios. The increased ratios of adenosine nucleoside phosphates is
known to stimulate AMP-activated protein kinase (AMPK), an energy sensor critical to
the maintenance of cellular energy homeostasis. In addition, AMPK has been reported to
regulate key cellular functions including regulation of mitochondrial biogenesis, mitophagy,
cell polarity, cell growth and proliferation which are all critical for self-renewal of
macrophages (Canto et al., 2010; Davies et al., 1995; Fogarty and Hardie, 2009; Foretz

et al., 1998; Hardie, 2011; Jager et al., 2007; Leclerc et al., 1998; Lin et al., 2010; Metallo
et al., 2009; Zhang et al., 2006; Zheng and Cantley, 2007; Zong et al., 2002). Another
possible explanation that supports our findings is that mitochondrial depolarization and
decreased ATP production specifically blocks the G1-to-S cell cycle progression due to
decreased levels of cyclin E (Finkel and Hwang, 2009; Mitra et al., 2009). Similar finding
in endothelial progenitor cells suggest that GM-CSF stimulation results in increased levels
of cyclin D1 and E facilitating cell cycle progression from G1-S phase thereby accelerating
proliferation and viability (Qiu et al., 2014). Furthermore, in the absence of GM-CSF
signaling reduced amino acid and nucleotide precursors could result in decreased biomass
production required for cell division.

The limitations of this study include the fact that we did not determine the relative
importance and contributions of each of the various metabolic pathways to cellular
proliferation. Given the pleiotropic effects of GM-CSF, we did not determine the inter-gene
network regulating the metabolic and mitochondrial alterations observed during GM-CSF
blockade.
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5. Conclusion

We conclude GM-CSF exerts it pleotropic effects on macrophages in part through a

critical role in maintaining mitochondria. Results showed disruption of GM-CSF signaling
impaired mitochondrial turnover, functions, and integrity, cellular metabolism (tricarboxylic
acid cycle, glycolysis, and pentose phosphate pathways), energy production, amino acid
and nucleotide synthesis, ROS production, the cell redox-state, and was required for
macrophages to exit Go/G1 and progress through cell division. These protean manifestations
are expected to profound effects on macrophage self-renewal.
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. GM-CSF regulates mitochondrial turnover, metabolism and functions in
macrophages

. Cellular ATP production is regulated by GM-CSF

. Mitochondrial fatty acid oxidation critically depends on GM-CSF signaling
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Fig. 1.

GM-CSF induces cell cycle progression and macrophage proliferation. (A) EdU
incorporation in BMDMSs from WT (n=6), Csf2rb-/- (n=4), and Csf2-/- mice (n=4).
Representative flow cytometer plots showing proliferating (EdU+) and non-proliferating
(EdU-) cells. (B) Cell cycle analysis in WT (n=6), Csf2rb—/- (n=8) and Csf2-/- (n=4)
BMDMs using Hoechst staining. Representative flow cytometer plots showing GO (gap
0)-G1 (gap 1), S phase (DNA synthesis) and G2 (gap 2)-M (mitosis) phases of the cell cycle.
For cell cycle analysis, 10,000 cells were collected by flow cytometry. (C) Quantification of

Mitochondrion. Author manuscript; available in PMC 2022 October 16.

Page 26
A 3
e S EdU+ wr £ wr
] ) 5
E &
ﬁ“g l b G0-G1| S G2-M
_g ] %
e ‘ :
Ex &
" L Edu || g3 cof2eb’
g % \ o
9. 5.3 G0-G1 s G2-M
CE | £ —
o B T
& | 873
E | g
=3 Y Pt
5'..--...‘ -‘“'!...--u-?_ -.T'.'.'*l LI 1) p A T T LI L S L L L L L
E EdU- _— esf2” g csf2t
3—: il, g G2-M
% \ g
E G
§—E L g $
-E I\ 82
- "’,g‘-“m‘,s et e
1 " 1’ 10 50 100 150
EdU fluorescence —————— Hoechst dye fluorescence ———»
¢ b GO0-G1
EdU- EdU+ S - G2M
100- s 40- 100 15+ 25
& 20+
% 30+ Kl
£ g 104 154
5 £
@ 50- 20_ g r ek ek
g § P i "
3
g 104 % 5
7 ¢ T csfat | WT Csf2rb™ Csf2
WT Csfarb” Csfz” WT Csf2rb™ Csf2” WT Csfarb™ Csf2” WT Csf2rb™ Csf2
E 1.59 3 2.0+ e 1.5=
"E g g
> g 1.5+ é
e = > 10+
=) c i -
2 = = s
2 7 1.0+ . bt
E o] o)
B = & 0.5+
£ E 05 5
[T} — =
> 8 8
0 T T T 1 0.0 1 .
0 20 40 60 80 WT Csf2rb-/- WT Csf2™
Time (hours)




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wessendarp et al.

Page 27

the percentage of cells proliferating determined by EdU incorporation. (D) Quantification of
the percentage of cells present in different phases of cell cycle. (E) MTT cell proliferation
assay that measures the reducing potential of cells. (F) Mean fluorescence intensity (MFI) of
DCEF fluorescence to measure intracellular ROS in WT (n=7) and Csf2rb-/- (n=7) BMDM:s.
(G) Mean fluorescence intensity (MFI) of DCF fluorescence to measure intracellular ROS in
WT and Csf2-/- BMDMs. *P<0.05, ***P<001, ***P<0.0001.
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Fig. 2.
Absence of GM-CSF signaling results in accumulation of dysfunctional mitochondria.

(A) Representative immunofluorescence images of alveolar macrophages from WT (n=6)
and Csf2rt7'~ (n=6) mice stained with DAPI-(blue), WGM-(red), and TOMM20 (green)
are shown. Scale bar represents 5um. (B) Quantification of mean fluorescent intensity

of TOMM20 staining by Nikon Imaging software (NIS) elements software to measure
mitochondrial mass in WT and Csf2rb-/- alveolar macrophages (n=50 cells/mouse). (C)
Quantification of MFI of TMRE fluorescence to assess mitochondrial membrane potential
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by flow cytometry. (D) Quantification of MFI of red fluorescence produced in WT and
Csf2rb'~ macrophages due to oxidation of the reagent MitoSox red by mitochondrial
superoxide generated in the cells. (E) Representative transmission electron micrograph
images showing increased number of abnormally shaped mitochondria in Csf2rb™'~ (n=16
mice) macrophages compared to WT (n=12 mice) macrophages. Single black arrowheads
point to mitochondria in WT and Csf2r6/~ macrophages. Double arrow heads represent
presence of inclusion and lamellar bodies in Csf2r7/~ macrophages. Scale bar represents
1uM and 2 pM (inset). **P<0.01, ****P<0.0001.
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Fatty acid oxidation in macrophages impaired in the absence of GM-CSF signaling.
BMDM s from WT (n=6) and Cs£2rb™'~ (n=8) mice were incubated in substrate limited
medium in the presence of palmitoyl and carnitine and OCR measurements were done. (A)
Representative profile of XF Palmitate oxidation stress test used to measure changes in OCR
in BMDM of WT and Csf2r7'~ mice at baseline, in the presence of ATP synthase inhibitor
oligomycin (OM), after addition of uncoupler of oxidative phosphorylation (FCCP, carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone) and inhibitors of mitochondrial respiratory
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chain complexes | (Rotenone, (R)) and 11 (Antimycin A, (AA)). (B) Representative profile
of XF Palmitate oxidation stress test used to measure changes in OCR in BMDM of WT

and Csf2”~ mice. at baseline, in the presence of OM, after addition of FCCP, and in the
presence of R&AA. (C) Quantification of respiration parameters in WT and Csf2rb-/-
BMDMs including basal respiration, maximal respiration, ATP production, spare respiratory
capacity, non-mitochondrial respiration, and proton leak using the Wave software. (D)

CD36 expression on macrophage cell surface measured by flow cytometry. Relative CD36
expression in WT and Csf2rb™/~ macrophages is represented as the mean fluorescence
intensity. (E) Quantification of respiration parameters in WT and Csf2-/- BMDMs using the
Wave software. **P<0.01, ***P<0.001, ****P<0.0001.
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GM-CSF signaling stimulates mitochondrial oxidative phosphorylation in macrophages.

(A) Representative profiles of mitochondrial stress test to measure oxygen consumption

rate (OCR) in BMDMs of WT and Csf2r6™'~ mice (n=8 mice/group) at baseline, in the
presence of the ATP synthase inhibitor, oligomycin (OM), after addition of an uncoupler of
oxidative phosphorylation (FCCP, carbonyl cyanide-4-(trifluoromethoxy phenylhydrazone),
and in the presences of inhibitors of mitochondrial respiratory chain complexes | (Rotenone;
(R)) and I11 (Antimycin A (AA)). (B) Quantification of respiration parameters including
basal respiration, maximal respiration ATP production and non-mitochondrial respiration

in WT and Csf2r67'~ macrophages. (C) Representative profiles of mitochondrial stress

test to measure oxygen consumption rate (OCR) in BMDMs of WT and Csf2”/~ mice

(n=8 mice/group) at baseline, in the presence of OM, after addition of FCCP, and in the
presence of R&AA. (D) Quantification of respiration parameters including basal respiration,
maximal respiration ATP production and non-mitochondrial respiration in WT and Csf2™/~
macrophages.
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Fig 5.

GIE\;/I-CSF signaling stimulates glycolysis in macrophages. (A) Representative profiles

of extracellular acidification rate (ECAR) measurements as an indicator of glycolysis

in WT and Csf2rb~/~ macrophages (n=6/group). ECAR measurements were done

by sequential addition of glucose, oligomycin (OM) and 2-deoxyglucose (2-DG, an
inhibitor of hexokinase-2 catalyzing the first step in glycolysis). (B) Quantification of
glycolysis, glycolytic capacity, and glycolytic reserve WT and Cs#2r™/~ macrophages. (C)
Representative profiles of extracellular acidification rate (ECAR) measurements in WT and
CsfZ”'~ macrophages. ECAR measurements were done by sequential addition of glucose,
OM and 2-DG. (D) Quantification of glycolysis, glycolytic capacity, and glycolytic reserve
WT and CsfZ/~ macrophages.
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Fig. 6.

Mgcrophage metabolite profile measured by NMR metabolomics approach reveal
differences in the intracellular and extracellular metabolite profiles between WT and
Csf2rb'~ macrophages. Two-dimensional principal component analysis scores plot
generated from (A) intracellular metabolic profiles of WT (blue) and Csf2rt™/~ (red)

mice (n=10/group) and (B) extracellular metabolic profiles, non-conditioned (green), WT
conditioned media (blue), and Cs72rt™/~ conditioned media (red) (n=9/group) is shown. (C)
Hierarchical clustering analysis and heat map visualization of a representative batch showing
38 intracellular metabolites detected from WT and Cs#2rt™/~ macrophages (n=4/group).

Mitochondrion. Author manuscript; available in PMC 2022 October 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wessendarp et al.

Page 35

Rows represent metabolites detected and columns indicate WT and Cs£2rt7/~ samples. Red
indicate metabolites detected in high abundance and blue represents metabolites detected in
low abundance.
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GM-CSF regulates metabolic pathways for macrophage proliferation. Metabolomics data
from WT (grey) and Csf2rt/~ (black) macrophages (n=10/group) is shown. Levels of
(A) intracellular metabolites of glycolysis (glucose, lactate) and glycolytic intermediate
derivatives UDP glucose and UDP-N acetyl glucosamine, (B) extracellular metabolites,
including glucose and lactate, (C) Level of glucose transporter (Glut-1 and Glut-3)

expression measured by flow cytometry. (D) tri-carboxylic acid metabolites, acetate,

succinate, fumarate, and citrate, (E) intracellular amino acids, phenylalanine, tyrosine,
histidine and alanine, (F) intracellular metabolites glutathione and taurine and (G)
extracellular metabolites acetate and glutamate were quantitated via NMR metabolomics
measurements, M-indicates “non-conditioned or unused media”. Abbreviations: Glut-1,
Glucose transporter 1; Glut-3, Glucose transporter. ns -not significant, *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001.
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Fig. 8.
Gene expression profiles of metabolic pathway enzymes from WT and Csf2rt'~

macrophages (n=4/group). Heat maps showing differential expression of genes involved

in (A) glycolysis, (B) tricarboxylic acid cycle, (C) pentose phosphate pathway, and (D)
oxidative phosphorylation are shown. Columns represent samples and rows represent genes.
Color scale represents the abundance of gene transcripts. Genes with increased transcript
levels are shown in red and decreased transcript levels in blue.
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Regulation of energy metabolism by GM-CSF. (A) Adenosine phosphate molecules AMP,
ADP and ATP and (B) ratios of adenosine phosphate molecules derived from metabolomics
data (n=10/group) for WT and Csf2rt/~ respectively. Abbreviations: AMP, adenosine
monophosphate; ADP, adenosine diphosphate; ATP, and adenosine triphosphate; ns -not
significant, *P<0.05, **P<0.01, ****P<0.0001.
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GM-CSF is important for mitochondrial turnover, integrity and functions as well as

various cellular cytosolic pathways which are relevant to alveolar macrophage self-renewal.
Disruption of GM-CSF signaling in macrophages results in decreased glycolysis, TCA cycle
activity, oxidative phosphorylation, ATP production, amino acid and nucleotide precursor
synthesis. In addition, fatty acid oxidation is completely abolished due to the downregulation
of the mitochondrial enzymes (CPT-1 and CPT-2) responsible for transporting long-chain
fatty acids from cytosol to mitochondria for oxidation. Abbreviations: CD36, cluster

of differentiation 36; RPI, ribose 5-phosphate isomerase; ROS, reactive oxygen species;
CoA-SH, coenzyme A; ATP, adenosine triphosphate; AMP, adenosine monophosphate;

PPi, inorganic pyrophosphate; FA-CoA, fatty-acyl CoA; FA-carnitine, Fatty acyl carnitine;
CPT-1, Carnitine palmitoyl transferase 1; CPT-2, Carnitine palmitoyl transferase 2; CAT,
Carnitine acyl CoA carnitine translocase; H,O, water; FAD+, Flavin adenine dinucleotide;
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FADH2, Flavin adenine dinucleotide reduced; NAD+, nicotinamide adenine dinucleotide;
NADH, nicotinamide adenine dinucleotide reduced; H+, hydrogen ion; ETC/OxPhos,
electron transport chain/oxidative phosphorylation; LDH, Lactate dehydrogenase; Glut-1,
glucose transporter-1. Green vertical arrows indicate increases in pathway/gene expression
and/or metabolites and red vertical arrows indicate decreases. Red X indicate that the
FA-B-oxidation pathway is undetectable.
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