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ARTICLE INFO ABSTRACT

Keywords: Neutrophils are innate immune cells and the first line of defense for the maintenance of homeostasis. However,
1°C-metabolic flux analysis our knowledge of the metabolic rewiring associated with their differentiation and immune stimulation is limited.
Neutrophil Here, quantitative 3C-metabolic flux analysis was performed using HL-60 cells as the neutrophil model. A
Ei]“f-fil(‘)entiation metabolic model for 13C-metabolic flux analysis of neutrophils was developed based on the accumulation of '3C

in intracellular metabolites derived from 'C-labeled extracellular carbon sources and intracellular macromol-
ecules. Aspartate and glutamate in the medium were identified as carbon sources that enter central carbon
metabolism. Furthermore, the breakdown of macromolecules, estimated to be fatty acids and nucleic acids, was
observed. Based on these results, a modified metabolic model was used for '*C-metabolic flux analysis of un-
differentiated, differentiated, and lipopolysaccharide (LPS)-activated HL-60 cells. The glucose uptake rate and
glycolytic flux decreased with differentiation, whereas the tricarboxylic acid (TCA) cycle flux remained constant.
The addition of LPS to differentiated HL-60 cells activated the glucose uptake rate and pentose phosphate
pathway (PPP) flux levels, resulting in an increased rate of total NADPH regeneration, which could be used to
generate reactive oxygen species. The flux levels of fatty acid degradation and synthesis were also increased in
LPS-activated HL-60 cells. Overall, this study highlights the quantitative metabolic alterations in multiple
pathways via the differentiation and activation of HL-60 cells using 3C-metabolic flux analysis.

Immune response

1. Introduction and OXPHOS, respectively (Agostini et al., 2016; Guntur et al., 2018).

For immune cells, naive T cells rewire their glycolysis metabolism to

Neutrophils are a type of leukocytes that differentiate from myeloid
progenitor cells and account for more than half of human leukocytes.
Neutrophils play a crucial role in innate immunity by maintaining
whole-body homeostasis. Notably, neutrophils produce reactive oxygen
species (ROS) via NADPH oxidase to kill phagocytosed pathogens (Burn
et al., 2021; Nauseef and Borregaard, 2014; Winterbourn et al., 2016),
suggesting a close relationship between neutrophil metabolism and
differentiation/function.

Differentiation-associated metabolic shifts occur in various cell types
and are often described as a switching model between glycolysis- or
oxidative phosphorylation (OXPHOS)-dominant modes. Compared to
progenitor cells, differentiated osteoblasts and neurons prefer glycolysis

OXPHOS via differentiation from their progenitor cells (Buck et al.,
2015). Specific metabolic pathways associated with differentiation have
also been found for neutrophils, in which fatty acid oxidation and
glycogen accumulation are necessary during their differentiation
(Kumar and Dikshit, 2019; Riffelmacher et al., 2017). Mature neutro-
phils have been reported to shift their metabolism from glycolysis to
OXPHOS for energy production (Jeon et al., 2020). However, whether
the metabolic rewiring of neutrophil differentiation follows the
switching model of glycolysis and OXPHOS, similar to other cell types, is
unclear as metabolic alterations before and after differentiation have not
been quantitatively evaluated.

According to recent studies, metabolic rewiring in immune cells is
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associated with cellular immune functions (O’Neill et al., 2016).
Neutrophil metabolism is also closely related with their function, as its
importance has long been revealed (Ardati et al., 1997; Borregaard and
Herlin, 1982; Jeon et al., 2020; Loftus and Finlay, 2016); this is because
ROS are produced from NADPH regenerated in central carbon meta-
bolism. The capacity of neutrophils for pathogen clearance is compro-
mised by the inhibition of lactate dehydrogenase via sodium oxamate
and glucose-deficient culture (Awasthi et al., 2019; Rodriguez-Espinosa
etal., 2015). A remarkable increase in the PPP flux by phorbol myristate
acetate (PMA) stimulation has also been reported (Britt et al., 2022).
However, quantitative knowledge of the metabolic shift coupled with
immune activation in central carbon metabolism, including the TCA
cycle, is lacking. Generally, neutrophils have fewer mitochondria than
other immune cells that engage in acquired immunity (Kominsky et al.,
2010). However, neutrophil mitochondria are also required for
apoptosis and neutrophil extracellular trap formation (Maianski et al.,
2003; Raam et al., 2008; Remijsen et al., 2011). Glutamine and fatty
acids that fuel the TCA cycle are crucial for neutrophil function (Curi
et al.,, 2020), implying the importance of mitochondrial activity in
neutrophils. These carbon sources can drive NADPH-regenerating en-
zymes, such as isocitrate dehydrogenase (IDH) and malic enzyme (ME),
to participate in neutrophil functions.

13G-metabolic flux analysis is a promising solution for revealing
quantitative metabolic shifts via differentiation and immune responses
in neutrophils. This analysis allows the quantification of intracellular
metabolic flux distribution by minimizing the residual sum of squares
(RSS) of the measured and simulated influx of carbon sources, efflux of
secreted products, and '3C-labeling of intracellular metabolites using an
in silico metabolic model. This technique was originally developed for
the analysis of microbial cells and has been extended to elucidate the
metabolism of mammalian cells, such as CHO cells, cancer cells, and
hemocytes (Antoniewicz, 2018; Crown and Antoniewicz, 2013; Metallo
etal., 2009; Sake et al., 2022; Stephanopoulos, 1999). To expand the use
of this technology to these new subjects, first, the metabolic model must
be evaluated (Moiz et al., 2023); such efforts have led to the discovery of
new metabolic pathways (Amador-Noguez et al., 2010; Jiang et al.,
2017; Leighty and Antoniewicz, 2012; Moiz et al., 2021; Okahashi et al.,
2017).

In this study, we quantitatively characterized the metabolic rewiring
of undifferentiated, differentiated, and LPS-activated HL-60 cells, an
authentic model of human neutrophils (Breitman et al., 1980), using
13C-metabolic flux analysis. The metabolic model used for }*C-metabolic
flux analysis was investigated by culturing HL-60 cells in media in which
various carbon sources were replaced individually with uniformly
13C-]abeled carbon sources. The metabolic flux distributions of the three
cell types, calculated via 13C-metabolic flux analysis, provided insights
into the shift in central carbon metabolism and cofactor regeneration
through differentiation and immune responses.

2. Materials and methods
2.1. Cell line and culture

HL-60 human leukemia cells were obtained from the Japanese
Collection of Research Bioresources (JCRB) Cell Bank (Osaka, Japan).
Cells were cultured in a humidified atmosphere of 5% CO; at 37 °C, and
maintained in Roswell Park Memorial Institute (RPMI) 1640 medium
(Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS, Life Tech-
nologies, Carlsbad, CA, USA) and 1% penicillin/streptomycin (Fujifilm
Wako Pure Chemical Corporation). HL-60 cells were differentiated into
neutrophil-like cells via the addition of 1 pM retinoic acid (Sigma-
Aldrich, St. Louis, MO, USA) followed by culture for 6 days. The cells
were also stimulated with 10 pg/mL of LPS from E. coli 0111:B4 (Sigma-
Aldrich). For 13C-metabolic flux analysis, 3.0 x 10° undifferentiated and
2.4 x 10° differentiated, and LPS-activated HL-60 cells were cultured in
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5 mL of RPMI 1640 without glucose and sodium bicarbonate (Sigma-
Aldrich) but supplemented with 5 mM [1,2-3Cy]glucose (Cambridge
Isotope Laboratories, Andover, MA, USA; >99% purity), 2.0 g/L sodium
bicarbonate, and 10% dialyzed FBS (Life Technologies) for 48 h in 60-
mm plates. Other '3C-tracing experiments were performed under the
same conditions using RPMI 1640 with a corresponding carbon source
replaced by [U—13C6] glucose, [U—13C5] glutamine, [U—13C5]arginine,
[U—13C5] glutamic acid, [U—13C4]aspartic acid, [U—13C3]serir1e, [U—13C5]
proline, or [U-'3Cg]leucine (Cambridge Isotope Laboratories, >99%
purity). Owing to rapid glucose consumption, the glucose concentration
was increased to 10 mM for undifferentiated HL-60 cells. Viable cells
were counted using trypan blue dye and a TC20 automated cell counter
(Bio-Rad, Hercules, CA, USA).

2.2. Isolation of neutrophil-like cells

A total of 1.0 x 107 cells suspended in 100 pL of phosphate-buffered
saline (PBS) containing 2% FBS were stained with a cocktail containing
APC/Cyanine?7 anti-human CD11c (1:100, Biolegend, San Deigo, CA,
USA) and propidium iodide (PI, 1:100, Sigma-Aldrich), and incubated in
the dark on ice for 15 min. The cells were washed with 2 mL of PBS
containing 2% FBS, centrifuged at 1000xg for 5 min, resuspended in 1
mL of PBS containing 2% FBS, and then filtered using a cell strainer (70
pm, Corning, NY, USA). CD11c"/PI™ cells were sorted via fluorescence-
activated cell sorting (FACS) using Arialllu (BD Bioscinence, Franklin
Lakes, NJ, USA) with an 85 pm diameter nozzle.

2.3. Analysis of extracellular metabolites

Glucose and lactate concentrations in the culture media were
measured using high-performance liquid chromatography (HPLC), as
described previously (Okahashi et al., 2015). The amino acid concen-
trations in the culture media were measured via HPLC using the AccQ
tag method (Armenta et al., 2010). An HPLC Prominence system (Shi-
madzu, Kyoto, Japan) equipped with a Luna C18 (2) column (250 mm,
4.6 mm, 5.0 pm, Phenomenex, Torrance, CA, USA) and a photodiode
array detector was used. Derivatized amino acids were eluted using (A)
20 mM sodium acetate solution containing 0.04% (v/v) trimethylamine
and phosphate adjusted to pH 6.8 and (B) acetonitrile. The following
gradient program was employed: 0 min 0% (B); 0.5 min 8% (B); 17.5
min 12% (B); 19 min 15% (B); 20 min 20% (B); 30.6 min 100% (B); 33.1
min 0% (B); and 46 min 0% (B) at a flow rate of 1.0 mL/min. The
absorbance was monitored at 260 nm. Column oven temperature was
maintained at 40 °C.

2.4. 13C-labeling analysis of intracellular metabolites

Cultured cells were quickly isolated from the culture media via
vacuum filtration using an Omnipore Membrane Filter (47 mm diam-
eter, 0.45 pm pore diameter, polytetrafluoroethylene membrane, Merck
Millipore, Burlington, MA, USA), and washed with 5 mL of PBS. The
filters were immersed in 500 pL of cold methanol in a centrifuge tube
and stored at —80 °C. Quenching was performed for 15 s. Intracellular
metabolites were extracted via the addition of 500 pL of chloroform and
200 pL of Milli-Q water. The mixed solution was vortexed for 1 min and
centrifuged at 2580xg for 20 min at 4 °C. After a 10-min incubation at
4 °C, the upper layer was transferred to an Eppendorf tube, and evap-
orated to dryness using a centrifugal evaporator (CVE-2100, EYELA,
Tokyo, Japan) at room temperature. *3C-labeling of intracellular me-
tabolites was measured using gas chromatography-mass spectrometry
(GC-MS) via methoxyamination and tert-butyldimethylsilyl derivatiza-
tion (Okahashi et al., 2022), and ion-pair liquid
chromatography-tandem mass spectrometry (ion-pair LC-MS/MS). For
GC-MS analysis, dried metabolites were dissolved in 25 pL of 40 mg/mL
methoxyamine hydrochloride in pyridine and incubated for 60 min at
30 °C. A 25-uL volume of N-methyl-N-(tert-butyldimethylsilyl)
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trifluoroacetamide containing 1% tert-butyldimethylchlorosilane was
added to the solution, which was then held for 60 min at 60 °C. After 60
min of cooling and centrifugation at 15,000xg for 5 min, the superna-
tants were analyzed using a GC-MS system (GC-MS-QP2020, Shimadzu)
equipped with a DB-5MS + DG capillary column (30 m, 0.25 mm, 0.25
pm, Agilent Technologies, Santa Clara, CA, USA), as described previ-
ously (Okahashi et al., 2022). For ion-pair LC-MS/MS analysis,
LCMS-8050 triple quadrupole mass spectrometry (Shimadzu) equipped
with a MASTRO C18 column (150 mm, 2.1 mm, 3.0 pm, Shimadzu GLC,
Tokyo, Japan) was operated using the methods package for primary
metabolites Ver.2 (Shimadzu). The following parameters were
employed for the analysis: MS analysis mode, negative ion mode; elec-
trospray voltage, 4.0 kV; desolvation line, 250 °C; heat block tempera-
ture, 400 °C; nebulizing gas (N3) flow, 3.0 L/min; drying gas (N3) flow,
15.0 L/min; and collision-induced dissociation (Ar) pressure, 0.27 MPa.
The derivatized metabolites (1 pL) were injected and eluted in (A) 15
mM acetate solution containing 10 mM tributylamine and (B) methanol
using the following gradient program: 0 min 0% (B); 8 min 25% (B); 12
min 98% (B); 15.1 min 0% (B); and 20 min 0% (B) at a flow rate of 0.3
mL/min. The column oven temperature was maintained at 40 °C.
Fraction labeling of the metabolites was determined as described pre-
viously (Okahashi et al., 2022).

2.5. 13C-metabolic flux analysis

A metabolic network model consisting of 111 reactions and 55 me-
tabolites, including glycolysis, PPP, TCA cycle, anaplerosis, amino acid
metabolism, and transport reactions between the cytoplasm and mito-
chondria, was used (Table S1). The fluxes for biomass synthesis were
calculated from the precursor requirements and dry cell weight
(Table S2) (Sheikh et al., 2005). Based on the experimental results, the
dry cell weight of HL-60 was 1.2 x 1071% g/cells. Metabolic fluxes were
calculated by mfapy (Matsuda et al., 2021) using Python 3.6, with
numpy-1.9, scipy-0.13.2, and pyOpt-1.2.0. 3C-labeling of each metab-
olite was determined using the elementary metabolite unit framework
(Antoniewicz et al., 2007). The effects of naturally occurring isotopes
were removed from the raw mass spectrometry data (Okahashi et al.,
2022; Van Winden et al., 2002). The metabolic flux distribution was
estimated by minimizing the RSS between the experimental and simu-
lated values of !°C-labeling and influx/efflux, using the following
equation (eql):

N /MDV,®® — MDVSm\? M e o simy 2
— J J k k
RSS= le ( o ) +> (7@ )

k=1

(eql)

where MDVje"p/ri"p and MD\/J-Sim/rf(i'" represent the experimentally
measured and simulated mass isotopomer distribution vector (MDV) of
the j-th metabolite and k-th influx/efflux, respectively, and o; and oy
indicate the standard deviation of MDV and influx/efflux of measured
data. Similar to a previous study (Araki et al., 2018) , o; was assumed to
be 0.01. Sequential least squares programming (SLSQP), a nonlinear
optimization solver, was initiated from 1000 datasets with initial values.
¥? tests were conducted to evaluate the goodness of the fit of the
experimental data to the metabolic model. The threshold value was
determined via 2 distributions at a significance level of 5%. The 95%
confidence intervals of the flux values were calculated using the
grid-search method (Antoniewicz et al., 2006). To determine ATP
regeneration flux via OXPHOS, the P/O ratio was set to 2.3 (Hinkle,
2005).

3. Results
3.1. Metabolic alterations via differentiation and immune activation

To characterize metabolic alterations via cellular differentiation and
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immune activation, HL-60 cells were differentiated into resting
neutrophil-like cells via culture with 1 pM retinoic acid for 6 days
(Fig. 1A). Differentiation was evaluated based on the expression level of
CDl1c, a granulocyte-specific integrin, and PI staining of dead cells
using flow cytometry. CD11c"/PI™ cells increased to 37.2% via induc-
tion of differentiation (Fig. 1B). The CD11lc'/PI” population was
assumed to be differentiated HL-60 (dHL-60) cells and was sorted via
FACS for the ROS production assay. PMA stimulation increased ROS-
induced Rhodamine 123 fluorescence in dHL-60 cells compared to un-
differentiated HL-60 cells. (Fig. 1C), demonstrating that dHL-60 cells
had a proper neutrophil function. Thereafter, the immune response was
induced via LPS stimulation (Fig. 1A).

To determine the effect of cell state transition on metabolism, HL-60,
dHL-60, and LPS-stimulated dHL-60 (LPS-dHL-60) cells were cultured in
RPMI 1640 medium for 48 h. The dHL-60 and LPS-dHL-60 cells had no
proliferative capacity, whereas HL-60 cells grew exponentially at a
specific growth rate of 0.018 h™! (Fig. 1D). Specific uptake and secretion
rates were calculated using the time-course data of viable cell counts and
levels of medium components measured by HPLC. The specific rates of
glucose uptake and lactate secretion of HL-60 cells were 115 + 6 and
250 + 5 nmol/10° cells/h, respectively, whereas those of dHL-60 cells
were 52 + 2 and 115 + 2 nmol/10° cells/h, respectively (Figs. 1E and
F). Glucose uptake and lactate secretion rates decreased by 0.45- and
0.46-fold, respectively, during differentiation into neutrophil-like cells,
indicating a reduction in glycolytic flux in dHL-60 cells. These data
suggest that quiescent dHL-60 cells require less energy than proliferative
HL-60 cells. The specific rate of glucose uptake and lactate secretion of
LPS-dHL-60 cells were 78 + 1 and 129 + 3 nmol/10° cells/h, respec-
tively (Figs. 1E and F), indicating that stimulation with LPS re-activated
glycolysis in dHL-60 cells. The increase in the glucose uptake rate was
greater than that of the lactate secretion rate, suggesting that LPS-dHL-
60 cells directed the glucose-derived carbon flow into the TCA cycle.
During the immune response, dHL-60 cells may require a large amount
of energy despite the loss of proliferative capacity. The glutamine uptake
rate of the three cell types was 22 + 1, 26 + 2, and 23 + 2 nmol/10°
cells/h for HL-60, dHL-60, and LPS-dHL-60 cells, respectively (Fig. 1G),
indicating that the change of glutamine uptake rate was not prominent,
compared to the glucose uptake and lactate secretion rates. In contrast,
specific arginine uptake rates differed significantly among the three cell
types (Fig. 1H). Differentiation into dHL-60 cells increased the rate of
glutamate secretion (Table S3). The specific production rates of other
non-essential amino acids, such as alanine, aspartate, and proline, in the
three cell types were less than 5.6% of the glucose uptake (Table S3).
These results indicate that dHL-60 cells had reduced dependence on
glucose as a carbon source, which was partially restored by LPS
stimulation.

3.2. Isotopic labeling using [U-'3Cglglucose, [U-13Cs]glutamine, and
[ U-! 3C6]arginine

Isotopic labelling experiments were performed to gain insights into
the metabolic fate of the assimilated carbon sources. The three cell types
were cultured in media containing [U—13C6]glucose, [U—13C5]gluta-
mine, or [U—13C6]arginine, and the 13C-labeling patterns of intracellular
metabolites were measured using GC-MS. [U—13C6] glucose and [U—13C5]
glutamine/[U-'3Cglarginine are broken down to M+3 pyruvate and
M-+5 a-ketoglutarate (aKG), respectively (Fig. 2A). The fraction of M+3
pyruvate was >70% in the three cell types cultured in medium con-
taining [U—13C6] glucose (Fig. S1A). The M+2 fraction of citrate bio-
synthesized via pyruvate dehydrogenase (PDH) was 44.7%, 24.6%, and
28.2% in HL-60, dHL-60, and LPS-dHL-60 cells, respectively (Fig. 2B),
indicating that the glucose-derived carbon reached the TCA cycle. The
M-+5 fraction of aKG from [U—13C5] glutamine was 52.1%, 26.8%, and
44.0% in HL-60, dHL-60, and LPS-dHL-60 cells, respectively (Fig. 2C),
indicating that the TCA cycle was also fueled by glutamine, even in
neutrophil-like cells, which were considered to have fewer mitochondria
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Fig. 1. Metabolic alterations among three states of HL-60 cells indicated by influx and efflux measurements. (A) Outline of the experiments. Differentiated HL-60
(dHL-60) cells were prepared via the addition of 1 uM retinoic acid to HL-60 cells. The cells were then cultured for 6 days and sorted using FACS. dHL-60 cells were
activated by the addition of 1 ug/mL LPS (LPS-dHL-60). HL-60, dHL-60, and LPS-dHL-60 cells were cultured for 48 h. (B) Confirmation of the differentiation into
neutrophil-like cells. (C) Measurement of ROS-producing cells using flow cytometry. The black and gray lines represent HL-60 and dHL-60 cells, respectively, treated
with 125 pM PMA for 1 h. (D) Time-course of viable cell number. White, gray, and black indicate number of HL-60, dHL-60, and LPS-dHL-60 cells, respectively. Data
are presented as mean + standard deviation (n = 3). (E-H) Specific uptake and secretion rates of (E) glucose, (F) lactate, (G) glutamine, and (H) arginine. Data
indicate the slopes of metabolite levels in media against cumulative viable cell number (n = 13). Error bars represent the 68% confidence interval of the slopes. **, p-
value <0.01 in two-tailed Bonferroni corrected Student’s t-test. n.s., no significance.

(Kominsky et al., 2010). In contrast, the M+5 fraction of aKG was not
detected in cells cultured with [U—13C5] arginine (less than 0.4%;
Fig. 2D), demonstrating that arginine was not catabolized during central
carbon metabolism. The total fractional 13C-labeling, determined based
on the sum of each fraction of [U—13C6]glucose and [U—13C5] glutamine,
was less than 80% in all three cell types (Figs. 2E and S1B-D). In
particular, metabolites in the TCA cycle displayed smaller fractions of
13C-labeling: 58%, 41%, and 37% for citrate; 76%, 41%, and 61% for
aKG; and 43%, 19%, and 30% for malate in HL-60, dHL-60, and

LPS-dHL-60 cells, respectively (Figs. 2E and S1B-D). These data imply
that carbon sources, besides glucose and glutamine, contribute to the
TCA cycle intermediates, and this trend is remarkable in resting dHL-60
cells.

3.3. Isotopic labeling using [U-13CJnon-essential amino acids

The non-essential amino acids contained in the RPMI 1640 medium
were expected to be metabolized in the TCA cycle. To identify unknown
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carbon sources, HL-60, dHL-60, and LPS-dHL-60 cells were cultured in
RPMI 1640 medium to replace a single non-essential amino acid with the
corresponding [U—13C4] aspartate, [U—13C5] glutamate, [U—13C3] serine,
or [U—13C5]proline. Asparagine was also removed when the cells were
cultured in the [U—13C4] aspartate-containing medium. The metabolized
products of these non-essential amino acids are shown in Fig. 3A.
[U—13C3]serine and [U—13C4]aspartate biosynthesized M+3 pyruvate
and M+4 malate, respectively, and both [U-!'3Cs]glutamate and
[U—13C5] proline biosynthesized M+5 aKG (Fig. 3A). The M+3 fraction
of pyruvate from [U-'3Cslserine was less than 1% in all cell types
(Fig. 3B), indicating that serine was not broken down during central
carbon metabolism. The M+5 fraction of aKG from [U—13C5]proline was
0.1%, 1.5%, and 3.2% in HL-60, dHL-60, and LPS-dHL-60 cells,
respectively (Fig. 3C), indicating that proline is a minor carbon source
that enters central carbon metabolism. In contrast, M+4 malate from
[U—13C4] aspartate (12% in HL-60 cells, 45% in dHL-60 cells, and 44% in
LPS-dHL-60 cells) and M+5 aKG from [U-'3Cs]glutamate (11% in HL-
60 cells, 28% in dHL-60 cells, and 24% in LPS-dHL-60 cells) were
detected (Figs. 3D and E). Interestingly, the assimilated aspartate and
glutamate were constant in the media or secreted rather than consumed
by the cells (Table $3). Although 3C-labeling from [U-'3C,]aspartate
and [U-'3Cs]glutamate was incorporated into the TCA cycle metabo-
lites, the total fractional labeling of citrate, aKG, and malate did not
reach 100% (total fractional labeling of citrate was 84%, 76%, and 88%,
respectively; that of aKG was 91%, 77%, and 93%, respectively; and that
of malate was 61%, 75%, and 85% in HL-60, dHL-60, and LPS-dHL-60
cells, respectively, Figs. 3F-H). These observations imply the presence of
carbon sources other than non-essential amino acids in the medium.
Essential amino acids, such as branched-chain amino acids, are candi-
dates for carbon sources. For example, the three cell types were cultured
with [U—13C6]leucine, which was catabolized to M+2 acetyl CoA
(Fig. S2A). The M+2 fraction of citrate in HL-60, dHL-60, and LPS-dHL-
60 cells was 1.8%, 2.8%, and 2.6%, respectively (Fig. S2B), indicating
that leucine and potentially other branched-chain amino acids were
minor carbon sources for the three cell types. These data are consistent
with those of a previous study, in which the uptake of essential amino

acids was found to be balanced with protein synthesis flux in mamma-
lian cells (Okahashi et al., 2015). This observation explains the absence
of essential amino acid catabolism in the modified metabolic model.

3.4. Reverse isotopic experiments from intracellular macromolecules

Neutrophils utilize fatty acids during maturation (Curi et al., 2020).
Glycogen is important in tissues far from blood vessels and media
lacking glucose (Robinson et al., 1982; Sadiku et al., 2021). These pre-
vious studies suggest that neutrophili-like cells may break down mac-
romolecules within the cells. To test this hypothesis, 1*C-labeled HL-60
cells were prepared by culturing in medium containing [U-'3Cg]glucose
for 6 days, and the cells were further differentiated into dHL-60 cells in
[U—13C6] glucose medium (Fig. 4A). 13¢.labeled HL-60, dHL-60, and
LPS-dHL-60 cells were cultured in non-labeled medium for 46 h, and the
13C-labeling patterns of intermediates in glycolysis, the PPP and TCA
cycles were measured using GC-MS and LC-MS/MS. The metabolized
products from '3C-labeled biomass are shown in Fig. 4B. Although the
M+6 fraction of G6P was less than 1% in all cell types (Fig. 4C), the M+5
fraction of R5P was >10% in dHL-60 and LPS-dHL-60 cells (Fig. 4D).
Such finding indicates that dHL-60 cells did not metabolize glycogen but
metabolized nucleic acids. The M+2 fraction of citrate was 18.2%,
40.9%, and 31.2% in HL-60, dHL-60, and LPS-dHL-60 cells, respectively,
whereas the M+3 fraction of pyruvate was <3% (Figs. 4E and F),
demonstrating that all cells drove fatty acid oxidation (FAO). These data
are consistent with those of previous studies, in which differentiated
cells were found to shift their glycolytic metabolism toward FAO utili-
zation (Namgaladze and Briine, 2016; O’Sullivan et al., 2014).

3.5. 13C-metabolic flux analysis of the three cell types

To quantitatively characterize metabolic reprogramming through
differentiation and immune response, 13C-metabolic flux analysis was
performed via the culture of HL-60, dHL-60, and LPS-dHL-60 cells in
media containing [1,2—13C2]glucose for 48 h. For dHL-60 cells, [U—13C5]
glutamine was added to the medium owing to the minimal contribution
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of glucose to the TCA cycle (Figs. 1E, and S1B-D). An isotopically sta-
tionary state was observed at 36-48 h (Fig. S3). Metabolic flux distri-
butions were calculated using mfapy software (Matsuda et al., 2021),
the influx/efflux of extracellular metabolites, and *3C-labeling of intra-
cellular metabolites (Fig. S3, Tables S3 and S4). Metabolic steady states
were confirmed for three cell types by the linearity of the plots of
nutrient amounts versus cumulative viable cell numbers (Fig. S4).
First, metabolic flux distribution was estimated using the original
metabolic model for cancer cells (Fig. 5A) (Okahashi et al., 2019). The
RSS values of HL-60, dHL-60, and LPS-dHL-60 cells were 530, 9780, and
550, respectively, which were higher than the statistically acceptable
thresholds (55 for HL-60 cells, 43 for dHL-60 cells, and 51 for
LPS-dHL-60 cells) for the three cell types (Figs. SE-G). Such finding
indicates that this metabolic model was not suitable for 1*C-metabolic
flux analysis of neutrophil-like cells. Second, based on the data in Figs. 2
and 3, the original metabolic model was modified by adding glutamate,
proline, and aspartate uptake, and omitting arginine uptake in the me-
dium (Fig. 5B). The exchange fluxes of extracellular glutamate, proline,
and aspartate were modeled as free parameters by constraining the net
fluxes using the measured efflux. Correcting for either the amino acid
influx into aKG or oxaloacetate in the original metabolic model
(Figs. S5A and B) did not yield a statistically acceptable RSS for any cell
types (Figs. S5C-E). Modification of both amino acid metabolism re-
actions decreased the RSS of HL-60, dHL-60, and LPS-dHL-60 cells to 33,
302, and 39, respectively, demonstrating that the modified metabolic

model produced a statistically acceptable RSS for HL-60 and
LPS-dHL-60 cells, whereas dHL-60 cells still had higher the RSS than the
threshold (Figs. 5E-G). Finally, the degradation reactions of fatty acids
and nucleic acids shown in Fig. 4 were added to the modified metabolic
model (Figs. 5C and D). The exchange fluxes of fatty acids and nucleic
acids were modeled as free parameters by constraining the net fluxes to
biomass synthesis rate. The newly developed metabolic model of HL-60
cells (Figs. 5C) did not include the breakdown of nucleic acids owing to
the absence of 13C-labeling R5P in !3C-labeled cells (Fig. 4D). The x2
tests revealed that the RSS of HL-60, dHL-60, and LPS-dHL-60 cells was
27.9, 36.1 and 28.1, respectively, and the addition of the uptake of
extracellular amino acids and intracellular macromolecules to the
original model allowed the RSS of all cell types to be below the statis-
tically acceptable thresholds (49.8 for HL-60 cells, 36.4 for dHL-60 cells,
45.0 for LPS-dHL-60 cells, Figs. 5E-G, and Table S5).

The flux distribution in undifferentiated HL-60 cells was character-
ized using the developed metabolic model (Fig. 6A and Table S6). As a
result, 90% and 9% of the incorporated glucose were found to be
metabolized via glycolysis and the oxidative PPP, respectively. The yield
of lactate/glucose was 191%, demonstrating that HL-60 cells were un-
dergoing aerobic glycolytic metabolism. The flux from glutamine to akKG
(16 nmol/10° cells/h) was comparable to the flux from pyruvate to
citrate (PDH flux, 13 nmol/ 10° cells/h and pyruvate carboxylase (PC)
flux, 3.6 nmol/10° cells/h), indicating that the TCA cycle was driven by
glucose- and glutamine-derived carbon. The rate of fatty acid
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degradation was 9.9% of the total influx into the TCA cycle. The flux of
the last glycolytic reaction, pyruvate kinase (PK), was 16-fold higher
than the entry flux of the TCA cycle, citrate synthase (CS), highlighting
high glycolytic metabolism in undifferentiated HL-60 cells.

The flux distribution in HL-60 cells was compared to that in dHL-60
cells (Fig. 6B, and Table S6). Differentiation into neutrophils reduced the
glucose uptake rate and phosphofructokinase flux, the rate-limiting step
of glycolysis (Tanner et al., 2018), by 0.43- and 0.48-fold, respectively.
Although the total ATP regeneration rate of dHL-60 cells was 0.84-fold
lower than that of HL-60 cells (Fig. 6D), the decrease was not as large as
that in glycolytic flux, indicating that differentiation into neutrophils
relied on OXPHOS-dependent ATP regeneration. Flux through IDH
increased by 2.0-fold owing to the decrease in ATP citrate lyase (ACLY)
flux. Although the best-fit flux of the oxidative PPP was 0 nmol/10°
cells/h, the changes were not significant owing to the overlapping
confidence intervals between HL-60 and dHL-60 cells. The flux of
another NADPH-regenerating pathway, ME, was not significantly
changed.

The addition of LPS to dHL-60 cells increased the glucose uptake rate
by 1.4-fold, while the glucose-6-phosphate isomerase (GPI) flux, the

second reaction of glycolysis, remained approximately the same
(Fig. 6C, and Table S6). The increased carbon flux flowed into the PPP.
The TCA cycle flux was markedly altered by the addition of LPS.
Compared to dHL-60 cells, the FAO and CS fluxes of LPS-dHL-60 cells
increased by 9.4-fold and 2.2-fold, respectively; however, the IDH and
aKGDH fluxes did not significantly differ owing to overlapping confi-
dence intervals. The malate produced by ACLY fueled the latter part of
the TCA cycle and ME reaction via skipping decarboxylation reactions in
the TCA cycle. The total ATP regeneration rate of LPS-dHL-60 cells did
not differ from that of dHL-60 cells because the confidence interval of
LPS-dHL-60 cells overlapped with that of dHL-60 cells (Fig. 6D). In
contrast, the total NADPH regeneration rate of LPS-dHL-60 cells was 3.0-
fold higher than that of untreated dHL-60 cells (Fig. 6E), suggesting that
LPS-dHL-60 cells activated NADPH turnover for ROS production. The
contribution to NADPH regeneration in LPS-dHL-60 cells was the largest
in the PPP, and to the same extent, in the ME and IDH reactions.

4. Discussion

In this study, *C-metabolic flux analysis was performed using HL-60
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cells, a neutrophil model cell line. Evaluation of the metabolic model
revealed that carbons from aspartate and glutamate in the media, and
R5P and AcCoA derived from intracellular macromolecules flowed into
central carbon metabolism. '3C-metabolic flux analysis was used to
characterize quantitative metabolic shifts via differentiation and im-
mune responses.

As 3C-metabolic flux analysis has been developed for microorgan-
isms such as E. coli and yeast, the analytes are often exponentially
growing cells cultured in a medium containing a single or a few carbon
sources (Wiechert, 2001). Recently, 13C_metabolic flux analysis of
mammalian cells has been performed in relatively rich media containing
amino acids; however, catabolism into central carbon metabolism has
not been well investigated, except for glutamine. In particular, the RPMI
1640 used in this study contained non-essential amino acids that were
not present in Dulbecco’s modified Eagle medium, which is generally
used for cancer cell lines. This study highlights that the catabolism of
non-essential amino acids into central carbon metabolism is indepen-
dent of net uptake and secretion. Some amino acids, such as arginine,
did not enter central carbon metabolism, even if their uptake rate was
significant (Figs. 1H and 2D). In contrast, aspartate-derived carbons
flowed into central carbon metabolism, while their concentration in the
medium remained almost constant (Fig. 3D, and Table S3). Notably,
glutamate-derived carbons entered central carbon metabolism despite
being secreted (Fig. 3E, and Table S3), suggesting that intracellular and
extracellular aspartate and glutamate were constantly exchanged. A
reverse '3C-labeling experiment also revealed that the three cell types
utilized intracellular fatty acids and nucleic acids (Fig. 4). Isotope sta-
tionarity was observed at 36-48 h (Fig. S3), and all cells had sufficient
storage to maintain the influx of fatty acids and nucleic acids. Although
the need for fatty acid oxidation in neutrophil differentiation and
functions have been highlighted (Fan and Ley, 2017; Riffelmacher et al.,
2017), the significance of nucleic acid degradation remains unclear.

mRNA decay in T cells is necessary for early differentiation (Akiyama
et al., 2021; Ito-Kureha et al., 2020) and suppression of aberrant im-
mune responses (Matsushita et al., 2009). mRNA degradation in
neutrophil-like cells may support differentiation and functions, as well
as homoeostatic turnover and mRNA quality control. Evidence of
glycogen degradation, which is generally used by neutrophils (Sadiku
et al., 2021), was not observed, probably due to the presence of glucose
in this culture system.

13G-metabolic flux analysis revealed the rewiring of central carbon
metabolism in HL-60 cells via differentiation and immune responses.
Recent studies have shown that metabolism is markedly altered via cell
differentiation (Hsu et al., 2016; Oates and Antoniewicz, 2022). Many
cell types, such as neurons and cardiac cells, rely on OXPHOS to obtain
energy as they differentiate (Agostini et al., 2016; Leone and Kelly,
2011). In general, cells that differentiate from stem cells regenerate most
of their energy via OXPHOS (Hsu et al., 2016; Xu et al., 2013; Zhang
et al., 2011). In this study, ATP regeneration in HL-60 cells shifted from
glycolysis to OXPHOS via differentiation (Fig. 6D), which is consistent
with the previous studies, in which the metabolic pathways for energy
acquisition were switched in pluripotent stem cells (Teslaa and Teitell,
2015). However, quantitative analysis revealed that the flux of the TCA
cycle remained almost constant, whereas the flux levels of glycolysis
decreased with differentiation (Figs. 6A and B), resulting in an increase
in the relative contribution of OXPHOS to ATP regeneration. This unique
observation from !3C-metabolic flux analysis highlights that the meta-
bolic shift associated with differentiation is not a two-alternative model
of glycolysis and OXPHOS in HL-60 cells. Although whether this meta-
bolic rewiring through differentiation can be applied to a broad range of
cell types before and after differentiation is unclear, as HL-60 cells are
cancerous cells, the application of >C-metabolic flux analysis to other
cell types, such as primary cells is expected to provide a general insight
into the relationship between differentiation and metabolism.
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The addition of LPS to dHL-60 cells increased glucose uptake, and the
increased carbon flux flowed into the PPP, resulting in increased NADPH
regeneration (Figs. 6C and E). Other studies have shown that T cells and
macrophages activate glycolytic flux for the immune response (Buck

et al., 2015; Galvan-Pena and O’Neill, 2014; Maclver et al., 2013).
Although activation was thought to be involved in energy acquisition,
the ATP regeneration rate of LPS-dHL-60 cells was not significantly
different from that of dHL-60 cells (Fig. 6D) as the increase in glucose
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uptake flowed into the PPP (Figs. 6B and C). These data suggest that,
unlike other immune cells, neutrophils increase their glucose uptake
rate to regenerate NADPH for ROS production rather than acquire en-
ergy. The PPP activation in LPS-dHL-60 cells was milder than that in
primary human neutrophils after several minutes of PMA treatment
(Britt et al., 2022). This result may be due to differences in cell types,
immune inducers, and assay time points. Although the activation of
NADPH oxidase occurs within several minutes, metabolic rewiring
continued for 48 h after LPS stimulation. Furthermore, LPS addition
altered lipid metabolism, with changes in the flux levels of the TCA cycle
(Fig. 6C). Lipid metabolism is essential for neutrophil differentiation and
the immune response. Recent studies revealed that lipid synthesis is
necessary for the biosynthesis of various inflammatory mediators and
the maintenance of cell membrane composition (Bozza et al., 2009;
Dennis and Norris, 2015; Lodhi et al., 2015) and the degradation of
neutral lipids promotes the synthesis of lipid mediators (Zechner et al.,
2017), providing additional knowledge regarding the importance of the
TCA cycle as a starting and ending point for lipid metabolism in neu-
trophils. In summary, this study elucidated quantitative metabolic
rewiring via differentiation and immune responses in neutrophil-like
cells using '3C-metabolic flux analysis with an optimized metabolic
model.
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