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Abstract

Neutrophils are key effector leukocytes of the innate immune system and play a pivotal role in defending the host against microbial infections.
Recent studies have identified a crucial link between glycolysis and neutrophil cellular functions. Using human neutrophils, we have investi-
gated the intricate relationship between glycolysis, extracellular glucose availability, and the enzyme 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase 3 (PFKFB3), in the regulation of reactive oxygen species (ROS) and neutrophil extracellular trap (NET) production. We have
identified that PFKFB3 is elevated in rheumatoid arthritis (RA) neutrophils and that the small molecule PFKFB3 inhibitor 3PO is a key regulator
of neutrophil ROS and NET production. 3PO blocked the production of ROS and NETs in a dose-dependent manner in both RA and healthy
neutrophils (P < 0.01), and RA neutrophils were more sensitive to lower concentrations of 3PO. Bacterial killing was only partially inhibited by
3P0, and the proportion of live neutrophils after 24 h incubation was unchanged. Using NMR metabolomics, we identified that 3PO increases
the concentration of lactate, phenylalanine, and L-glutamine in neutrophils, as well as significantly decreasing intracellular glutathione (ad].
P-value < 0.05). We also demonstrated that RA neutrophils produce ROS and NETs in culture conditions which mimic the low glucose envir
onments encountered in RA synovial joints. Our results also suggest that 3PO may have molecular targets beyond PFKFB3. By dissecting the
intricate interplay between metabolism and neutrophil effector functions, this study advances the understanding of the molecular mechanisms
governing pro-inflammatory neutrophil responses and identifies 3PO as a potential therapeutic for conditions characterized by dysregulated
neutrophil activation.
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Introduction

Complex changes in leukocyte metabolism are associated
with the generation of small molecule metabolites, such as
ATP, NADPH, nucleotides, and amino acids, which are re-
quired rapidly and in high abundance for cell activation,
migration, and differentiation [1]. Understanding these meta-
bolic networks and adaptations has become more relevant
since the discovery of the impact of metabolism on immunity
(immunometabolism) and the realization that cellular metab-
olism does much more than simply provide energy or biomass.
Metabolite and metabolic fluxes can modulate activation or
inhibition of cell signalling pathways and post-translational
modifications to proteins [2].

Dysregulation of immunometabolic control has been de-
scribed in inflammatory diseases including rheumatoid arth-
ritis (RA), where changes in T-cell glycolytic activity drive
differentiation, hyper-proliferation, and hyper-migration of
T-cell subsets [3-5]. RA macrophages have a disease specific
metabolic signature, which enables CD4* T cells to differen-
tiate into hyperproliferative pro-inflammatory helper T cells
invading tissue and eliciting aggressive tissue inflammation in
the synovium through immunogenic cell death [6]. The loss of
self-tolerance in people with RA precedes joint inflammation
by decades and is a consequence of metabolic dysregulation
of both the innate and adaptive immune systems [7].

Neutrophils are the most abundant leukocyte in humans
and are specialist cells of the innate immune system that
play a major role in host defence against micro-organisms
through phagocytosis and generation of ROS [8, 9].
Neutrophils have enormous potential to cause damage to
local tissues when dysregulated and are key mediators of
inflammation and cartilage damage in RA [10]. Neutrophil
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survival is enhanced in inflammatory conditions by hypoxia-
driven metabolic re-programming [11] and by nutrient
availability at the site of inflammation [12]. Neutrophils
rely on glycolysis to fuel their energy requirements, where
glucose is converted into pyruvate in the cytosol for rela-
tively low-level production of ATP and NADH [13]. The re-
sulting pyruvate is not oxidized in the mitochondria through
the TCA cycle, rather it is converted to lactate enabling the
generation of NAD* for re-use in the glycolytic pathway.
Furthermore, inflammatory neutrophils contain glycogen,
stores of which can be modified when circulating neutro-
phils are recruited into tissues, by activation of the oxygen-
sensing response, and by stimulation with proinflammatory
mediators [14, 15]. The first intermediate of glycolysis, glu-
cose 6-phosphate (G6P), also fuels the pentose phosphate
pathway (PPP) producing NAPDH which is required to ac-
tivate the NADPH oxidase (NOX2) leading to ROS pro-
duction, chromatin decondensation, NOX2-dependent NET
formation, and NET release [16, 17].

We recently measured the neutrophil metabolome in RA
using 'H NMR metabolomics and identified lower levels
of intracellular glucose and higher levels of lactate and
NADP* in RA neutrophils compared with healthy controls
[18]. The reliance on glycolysis for cellular activation is
a challenge for neutrophils as sites of inflammation, such
as the RA synovial joint, are frequently characterized by
limited nutrient availability, including glucose as well as
hypoxia [19]. The aim of this work was to further examine
the pathways of central carbon metabolism, i.e. glycolysis,
gluconeogenesis, and glutaminolysis to determine the im-
portance of these in pathogenic neutrophil release of ROS
and NETs in RA.
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Materials and methods

Isolation and incubation of neutrophils

Ultrapure neutrophils (>99.9% purity) were isolated using
the untouched neutrophil isolation kit (Stem Cell). After the
blood was incubated 1:5 ratio with Hetasep (Stem Cell) for
30 min at 37°C, the upper layer of nucleated cells was col-
lected and resuspended 1:1 with ice cold isolation buffer
(PBS containing 2% BSA and 0.2-mM EDTA). The suspen-
sion was then centrifuged at 400 g for 5 min and pellet re-
suspended in 2 ml of isolation buffer. Twenty-five microlitres
of the antibody cocktail was added to the cell suspension
and then incubated for 10 min on ice before adding 50 mL
of magnetic beads and further incubating for 10 min in an
EasySep magnet. Cells were then collected and resuspended
in RPMI media (+L-glutamine, ~-HEPES, —phenol red) con-
taining either glucose (11 mM) or no glucose as indicated at
5 x 10%/ml. In some experiments, neutrophils were pre-treated
with 3PO, BPTES, MB05032, or CP-91149 at a range of con-
centrations (10-50 mM), 2-DG (50 mM), or AZ-PFKFB3-67
(10nM-10 mM) for 15 min prior to activation with PMA
(concentrations below).

Detection of ROS production by luminol-enhanced
chemiluminescence

Following incubation, 2 x 10° cells were resuspended in
200-mL HBSS along with 1-mL luminol (final concentra-
tion 10 mM). The respiratory burst was stimulated with
PMA (100 ng/mL) and measured in a Fluostar plate reader
luminometer at 37°C.

Measurement of NET production with Sytox green

To determine the formation of NETs, 10° neutrophils were
seeded in a black 96-well plate containing Sytox green reagent
(5 mM) and treated firstly with or without cell signalling in-
hibitors for 15 min in a humidified incubator at 37°C. Then,
neutrophils were stimulated with PMA (600 nM) and incu-
bated for 4 h at 37°C before fluorescence was measured by
Fluostar plate reader at excitation 488 nm and emission in
the 530-nm filter.

Imaging of neutrophils on cover slips

Neutrophils were seeded (at 2 x 10° cells/500 pL) in RPMI
media in a 24-well plate containing poly-L-lysine coated
coverslips, as previously described [20]. Cells were pre-
treated with 3PO (50 mM) or left untreated and allowed to
settle and adhere for 30 min prior to stimulation with PMA
(600 nM). Cells were incubated for a further 4 h to allow
for NET production. Cells adhered to coverslips were fixed
with 4% paraformaldehyde prior to immunofluorescence
staining. Briefly, coverslips were removed from the plate and
washed with PBS, permeabilized with 0.05% Tween 20 in
TBS, fixed with TBS (+2% BSA), and then stained for 30 min
on drops of TBS (+2% BSA) on parafilm stretched across
a clean 24-well plate. Primary antibodies used were mouse
anti-myeloperoxidase (1:1000, Abcam) and rabbit anti-
elastase (1:200, Abcam). Coverslips were washed three times
with TBS prior to secondary antibody staining (anti-rabbit
AlexaFluor488 and anti-mouse AlexaFluor647, 1:2000, Life
Technologies) in TBS (+2% BSA) for 30 min. Coverslips were
washed prior to staining with DAPI (1 pg/ml). Slides were
imaged on a Zeiss LSM800 microscope (Zeiss) using a 20x
objective.

Measurement of apoptosis by flow cytometry

Following incubation with or without inhibitors for up to
24 h, 5 x 10* neutrophils were removed from culture and di-
luted with 200-ml HBSS containing 0.5-ml Annexin V-488
and incubated at room temperature in the dark for 15 min.
The total volume was then made up to 250 ml with HBSS and
0.25-ml propidium-iodide added (1 mg/ml, final conc) before
reading on a EasyCyte Guava flow cytometer. Five thousand
events were analysed per sample.

Measurement of GLUT3 expression by flow
cytometry

Neutrophils (5 x 10*) were labelled with saturating concen-
trations of FITC-labelled anti-GLUT3 antibody or isotype
control (BD Biosciences). Unlabelled cells were also pre-
pared as a control. Cells were incubated in PBS (0.2% BSA)
with or without antibodies for 30 min at 4°C. Cells were
washed in PBS (BSA) and then fixed using 4% (final conc)
paraformaldehyde in PBS. Cells were washed again to remove
excess paraformaldehyde and then resuspended in 200-ml
PBS. Cell surface antibodies were detected using a Cytoflex
Beckman Coulter 2.0 flow cytometer, with 10 000 cells
counted per sample.

NMR metabolomics

Neutrophils were prepared for metabolite extraction as
previously described [18]. Briefly, cells were centrifuged at
1000 g at 25°C for 2 min and the pellet washed with ice cold
PBS then centrifuged at 1000 g at 25°C for 2 min. The super-
natant was discarded, while pellets were heated at 100°C for
1 min, and then snap-frozen in liquid nitrogen and stored
at —80°C. Metabolites were extracted by addition of 50:50
v/v ice cold HPLC grade acetonitrile:water at 500 pl per
cell pellet, followed by a 10-min incubation on ice. Samples
were sonicated while incubated in an ice water bath for
three 30 s bursts at 23 kHz and 10-um amplitude using an
exponential microtip probe, with 30-s rest between sonic-
ations. Sonicated samples were centrifuged at 12 000g for
5 min at 4°C and the supernatant transferred to cryovials,
flash frozen in liquid N, and lyophilized prior to storage at
-80°C. Each lyophilized sample was resuspended in 200 pl of
100 pM deuterated sodium phosphate buffer pH 7.4, with
100 uM trimethylsilyl propionate (TSP) and 0.05% NaN..
Each sample was vortexed for 20 s and centrifuged at 21
500 g for 5 min at 5°C. Then, 180 ul of each cell extract
sample was transferred to 3-mm (outer diameter) NMR
tubes for acquisition. The samples were analysed using a
700-MHz NMR Avance IIIHD Bruker NMR spectrometer
equipped with a TCI cryoprobe. Samples were referenced to
trimethylsilylpropanoic acid (TSP) at 0 ppm. Spectra were ac-
quired at 25°C using the 1D 'H Carr—Purcell-Meiboom~Gill
(CPMG) edited pulse sequence (vendor supplied cpmgpr1d)
with 512 scans and a 4-s interscan delay and 1.8-s acqui-
sition time. Spectra were proceed using vendor supplied
auto routine (apk0O.noe) prior to manual acceptance via
quality control criteria. Spectra were assessed to conform to
minimum quality criteria as outlined by the Metabolomics
Standards Initiative [21] to ensure linewidths at half height
within 1 SD with consistent signal-to-noise, baseline correc-
tion, and water suppression. All spectra passing quality cri-
teria were then divided into peak boundaries ‘bins’ that were
defined globally by the peak limits using Chenomx NMR



Suite 8.2 (Chenomx Inc., Edmonton, Alberta, Canada) [22].
All peaks, both annotated in Chenomx (via manual analyses
in TopSpin and Chenomx software) and unknowns, were
included in the bin table. A correlation-reliability scoring
(CRS) method developed by Grosman [23] was applied to
the data. This method takes a representative metabolite peak
based on the premise that each individual metabolite exhibits
an 'H NMR spectrum comprising multiple peaks that are
highly correlated across the spectra [23]. Raw data, metab-
olite annotation, and NMR parameters are deposited in the
MetaboLights repository (MTBLS6215) [24].

Preparation of immune complexes

Insoluble immune complexes (IICs) were prepared by
incubating human serum albumin with anti-human serum
albumin antibody in PBS for 1 h as previously described
[25]. Immune complexes were washed 3 times by centrifuga-
tion at 1000 g and re-suspended in PBS before use to remove
soluble immune complexes. In some experiments, neutro-
phils were pre-treated with 3PO (0-50 mM) for 15 min
prior to stimulation with 10% (v/v) IIC to stimulate NET
production.

Western blotting

Neutrophils were boiled in Laemmli buffer containing 50-mM
DTT at 95°C for 5 min.

Proteins were separated by SDS-PAGE using a NuPAGE
bis-Tris 4-12% gradient gel and transferred into a PDVF
membrane using the Trans-Blot Turbo apparatus (Bio-Rad).
Membranes were blocked in 5% BSA in Tris-buffered saline-
Tween 20 (TBS-T), prior to overnight incubation at 4°C with
primary antibodies: PFKFB3 (1:1000, Abcam) and Actin
(1:10 000, Abcam). Blots were then washed in TBS-T prior
to incubation with anti-rabbit IgG HRP secondary antibody
(1:10 000, Cell Signaling) and anti-mouse IgG HRP secondary
antibody (1:10 000, Sigma). Bands were detected using en-
hanced chemiluminescent substrate (ECL; Thermo Fisher,
Loughborough, UK) and imaged on a ChemiDoc image ana-
lyser (Bio-Rad Laboratories). Densitometry analysis was per-
formed using Fiji [26].

Bacterial killing assay

Bacterial killing assay was performed as previously described
[27]. Briefly, freshly grown Staphylococcus aureus were har-
vested and washed, and suspended at § x 10%/ml in HBSS and
opsonized with 10% human AB serum (Sigma) for 30 min at
37°C. Freshly isolated neutrophils (10%/ml) were primed with
TNFa (10 ng/ml) and incubated for 1 h at 37°C with gentle
agitation with serum-opsonized bacteria at a ratio of 1:10.
Neutrophils were then lysed to release live bacteria by serial
dilution in distilled water and vigorous vortexing, before
being plated onto LB agar plates and incubated overnight.
Colonies were counted and results calculated as percentage of
bacteria killed compared with bacteria only (no neutrophils)
samples.

Gene expression analysis

Expression of genes relating to glycolysis was measured in
NCBI Gene Expression Omnibus (GEO) datasets GSE274598
and GSE274996 [28, 29]. Datasets were analysed by DESeq2
[30] to detect genes significantly different between RA
(n =65) and HC (7 = 11) (adj. P-value < 0.05).
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Data analysis

Statistical analyses were performed using R v4.0.2. For ex-
perimental data, the Shapiro-Wilk test was used to deter-
mine normality. Then, univariate analysis was carried out by
the Student’s t-test, Wilcox test, or ANOVA as appropriate.
Multivariate '"H NMR metabolomics data were assessed for
normality via qqplots and found to be non-normally distrib-
uted; therefore, a Wilcox test was performed with applica-
tion of a False-Discovery Rate (FDR) and adjusted P-value of
0.05. Fold change comparisons were performed comparing
natural log of median metabolite abundances on probabilistic
quotient normalized data. Metabolic pathway enrichment
analysis was performed using fold change analysis to select 15
metabolites with mean fold change greater than 20%. Over
representation analysis was performed using Metaboanalyst
v6.0 [31] against the small molecule pathway database of 99
metabolite sets based on normal human metabolic pathways.
Analysis was filtered for metabolite sets containing at least
2 entries (reference metabolome based on all compounds in
library).

Results

Increased expression of genes regulating central
carbon metabolism in RA neutrophils

In our previous study, we identified that the metabolome in
RA neutrophils is different from HC, mainly driven by me-
tabolites of central carbon metabolism (glucose, ATP, NADP,
lactate) [18]. In this study, we wanted to further investigate
these differences and how altered metabolism might con-
tribute to pathogenic neutrophil functions. We first investi-
gated the expression of genes from the glycolysis pathway in
our recently published gene expression datasets (NCBI GEO
GSE274598, GSE274996) [29]. We found that expression
levels of several genes relating to glycolysis were significantly
higher in RA neutrophils (Fig. 1A). The largest difference be-
tween RA and HC neutrophils was the expression of the gene
for 6-Phosphofructo-2-Kinase/Fructose-2,6-Bisphosphatase 3
(PFKFB3) which was significantly higher in RA neutrophils
(FDR = 0.01, Fig. 1B). We confirmed increased protein abun-
dance of PFKFB3 in RA neutrophils by western blotting (Fig.
1C, D, P < 0.05). We also detected increased gene expression
levels of SLC2A3 (Fig. 1E FDR = 0.04). This encodes the glu-
cose transporter GLUT3, and increased abundance of GLUT3
protein on RA neutrophils was confirmed by flow cytometry
(Fig. 1E, P < 0.05).

Absence of extracellular glucose does not change
ROS or NETs in RA neutrophils, but inhibition of
glycolysis blocks ROS and NET production in both
HC and RA neutrophils

Neutrophils are often found at high concentrations in inflamed
sites, e.g. in RA synovial joints where glucose concentrations
are much lower than in blood [19]. In order to investigate
the requirement for extracellular glycolysis to fuel ROS and
NET production, we incubated HC and RA neutrophils in
media containing 11-mM glucose (glucose-containing) to
model the blood environment or media without glucose (no
glucose) to model synovial joints. Neutrophils were activated
with PMA to stimulate NET and ROS production. The ab-
sence of glucose in the media did not affect neutrophil ROS
production (Fig. 2A) but did decrease NET production by
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Figure 1: dysregulation of metabolic gene expression in RA neutrophils. (A) Volcano plot comparing gene expression in RA vs HC neutrophils, with
glycolysis genes highlighted by name. Significantly higher gene expression in RA (highlighted upper right), lower expression (highlighted upper left)
(FDR < 0.05). (B) Expression of PFKFB3 mRNA in RA (n = 65) and HC (n = 11) neutrophils. (C) Densitometry analysis of PFKFB3 protein by (D) western
blot, normalized to actin (RA n= 4, HC n = 4). (E) Expression of SLC2A3 mRNA in RA (n = 65) and HC (n = 11) neutrophils. (F) GLUT3 protein measured
by flow cytometry (MFI) on RA (n = 6) and HC (n = 9) neutrophils. (Experimental data analysed by Student's ttest, *P < 0.05. RNAseq data analysed

using DESeq2 **FDR < 0.05, ***FDR < 0.01)

HC neutrophils (Fig. 2B, P < 0.01). In contrast, RA neutro-
phil NETs were not affected by the absence of extracellular
glucose and were significantly higher than HC NETs in no
glucose media (Supplementary Fig. 1, P < 0.01), indicating an
adaptation to preserve NET production in low-glucose envir-
onments. Competitive inhibition of the first step of glycolysis
(the production of glucose-6-phosphate by hexokinase)
using 2-deoxy-D-glucose (2-DG) significantly decreased ROS
production by both HC and in RA neutrophils (Fig. 2C,
P-value < 0.01). 2-DG also completely inhibited NET produc-
tion in glucose-containing or no glucose media in both HC
and RA neutrophils (Fig. 2D, P-value < 0.01).

The chemical inhibitor 3PO blocks ROS and NET
production by RA and HC neutrophils

Fructose-2,6-phosphate (PFK-2) is a key enzyme in the early
stages of glycolysis, and our gene expression analysis iden-
tified that the PFK-2 subunit PFKFB3 was significantly in-
creased in RA neutrophils (Fig. 1B). We therefore inhibited
PFK-2 activity using 3PO, a chemical inhibitor of the PFKFB3
subunit. ROS production was inhibited in a dose-dependent
manner (0-50 mM) in both HC and RA neutrophils (Fig.
3A, P<0.01). In HC and RA neutrophils, increasing con-
centrations of 3PO significantly decreased ROS production
in both types of media. RA neutrophil NET production was
also significantly inhibited at all concentrations from 10 to
50 mM (P < 0.001). However, in HC neutrophils, 3PO did
not inhibit NETs at a concentration of 10 mM, and a sig-
nificant decrease was only observed at the higher concentra-
tions of 25 and 50 mM (Fig. 3B,C, P < 0.01) indicating RA
neutrophils may be more sensitive to 3PO treatment. 3PO
inhibition of NETs was confirmed by immunofluorescence
staining of fixed neutrophils on coverslips after 4-h incuba-
tion in glucose-containing media with PMA in the absence or
presence of 3PO (50 mM) (Fig. 4C). We also determined that
3PO significantly inhibited NET production at all concentra-
tions in RA and HC neutrophils in response to immune com-
plexes (IIC) which mimic auto-antibody immune complexes
such as rheumatoid factor, commonly found in the serum and
synovial fluid of people with RA (Fig. 3D, P < 0.01). Finally

when neutrophils were pre-treated with 3PO (0-50 mM), we
observed a dose-dependent decrease, but not complete inhib-
ition, of bacterial killing capacity (Fig. 3E, P < 0.05).

Next, we determined the effect of 3PO on neutrophil apop-
tosis by incubating RA and HC neutrophils for 24 h in the
absence and presence of 3PO. Interestingly, in both glucose-
containing and no glucose media, we observed no difference
in the overall percentage of live (annexin V negative, PI nega-
tive) neutrophils. However, the populations of early apoptotic
(annexin V positive, PI negative) and late apoptotic (annexin
V positive, PI positive) cells were significantly decreased and
increased respectively in both RA and HC by 3PO (Fig. 4A,
P <0.05).

3P0 may exert an off-target anti-inflammatory
effect in human neutrophils

Recent reports on the use of 3PO to inhibit PFKFB3 have
shed doubt on the specificity of this compound to bind to its
reported target [32, 33]. Indeed, recent publications have sug-
gested that whilst 3PO does inhibit glycolysis, this is not in re-
sponse to PFKFB3 binding and inhibition [32, 33]. Off-target
inhibition of NF-kB by 3PO has also been reported [33]. We
therefore decided to repeat the ROS and NET assays using
an alternative inhibitor of PFKFB3, AZ-PFKFB3-67 (AZ67).
This compound is reported to be a highly specific inhibitor of
PFKFB3 with an IC, of 11nM. We found that pre-treatment
of HC neutrophils with increasing concentrations of AZ67
(10 nM-10 mM) had no effect on neutrophil ROS or NET
production (Fig. SA, B), in contrast to our results with 3PO.
In order to determine the molecular mechanism of
ROS and NET inhibition by 3PO, we performed 'H NMR
metabolomics analysis on neutrophils incubated for 4 h in the
absence or presence of 3PO (50 mM) in glucose-containing
media. We found that 3PO had a more profound effect on
HC neutrophils than on RA neutrophils. The levels of gluta-
thione were significantly decreased in RA and HC neutrophils
(Fig. 6A, adj.P < 0.05). Mean L-glutamine levels increased by
2.3-fold in HC and 1.6-fold in RA neutrophils, whereas mean
phenylalanine levels increased by 1.7-fold in HC neutrophils
but only 1.1-fold in RA neutrophils (Fig. 6A, adj.P > 0.05).
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Figure 2: effect of glucose availability on ROS and NET production. (A) ROS and (B) NET production in response to PMA were measured in glucose-
containing or no glucose media. The effect of hexokinase inhibition with 2-DG on neutrophil (C) ROS and (D) NET production was measured in glucose-
containing or no glucose media (Data analysed by Student’s ttest. *P < 0.05, **P < 0.01, n = 4-6)

Mean lactate levels increased by 3.0-fold in HC neutrophils
and 1.3-fold in RA neutrophils after 4-h 3PO treatment (Fig.
6A, adj.P > 0.05). Pathway enrichment analysis of metabol-
ites that increased or decreased by at least 20% in response to
3PO was performed using MetaboAnalyst and is summarized
in Fig. 6B. Pathways that were significantly over represented
in metabolite variance associated with 3PO included those
relating to membrane lipid synthesis, glutathione metabolism,
and amino acid recycling.

Inhibitors of gluconeogenesis and glutaminolysis
do not affect ROS and NET production in RA and
HC neutrophils

Finally, we investigated the effect of inhibiting gluconeogenesis
and glutaminolysis on ROS and NET production by RA and
HC neutrophils. MB05032 is a potent FBPase (FBP1) in-
hibitor which inhibits gluconeogenesis and BPTES inhibits
glutaminase-1. MB05032 inhibited HC NETs at the highest
concentration tested (50 mM, P < 0.05), but otherwise nei-
ther inhibitor significantly inhibited ROS or NET production

in RA or HC neutrophils in glucose-containing or no glucose
media (Fig. 7).

Discussion

Recent studies have highlighted the importance of pathways
connected to glycolysis in neutrophils, including glycogenolysis,
gluconeogenesis, glutaminolysis, and PPP [17, 18]. Recent
analysis of RA neutrophils by '"H NMR metabolomics iden-
tified significantly elevated levels of energy metabolites (ATP,
ADP, GTP, NADP) and metabolites of redox homeostasis
(glutathione, taurine) in RA neutrophils [18]. Lower levels of
intracellular glucose in RA neutrophils were accompanied by
higher levels of lactate suggesting altered glycolytic activity as-
sociated with inflammatory disease [18]. The work presented
in this manuscript has used a combination of cell signalling
inhibitors and media with or without glucose to mimic the in-
flammatory environment and provide new information about
the critical role of metabolism in regulating ROS production,
NET release, and apoptosis in human neutrophils.
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Figure 3: anti-inflammatory effect of 3PO on neutrophils. (A) ROS (B) and NET production in response to PMA by neutrophils incubated with 3PO
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Neutrophils are the first responders to inflamed sites. These
environments generally have lower glucose concentrations
than peripheral blood, a potentially unfavourable environ-
ment for neutrophils given their reliance on glycolysis for en-
ergy production and activation [16]. However, neutrophils are
often found at high concentrations in low glucose, inflamed
sites, e.g. in synovial fluid from people with RA [19]. Our first
experiments explored neutrophil ROS and NET production

in a model of normal blood and low-glucose environments.
We confirmed that neutrophils do require glycolysis for ROS
and NET production, given the complete inhibition of both
in HC and RA neutrophils by 2-DG as previously reported.
However, the absence of glucose in the extracellular media did
not inhibit ROS production. NET formation is dependent on
ROS production and the inhibition of intragranular MPO ac-
tivity has been shown to correlate with the inhibition of NET
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formation [34-36]. When measuring NET formation at a
single timepoint of 4 h, no differences were observed between
glucose-containing and no glucose media. However, complete
inhibition of glycolysis by 2-DG prevented NET formation.
This could highlight that intracellular ROS formation, irre-
spective of the extracellular glucose environment, is sufficient
for processing by MPO in order to trigger NET formation.
Analysis of our published transcriptomics data from RA
and HC neutrophils provided an extra layer of insight into the
dysregulation of metabolic pathways in RA neutrophils [29].
We identified increased expression of several glycolytic genes
in RA neutrophils, the most significant of which was PFKFB3,
an isoform of the protein PFK-2. Four different PFK-2 iso-
zymes have been identified. Their expression is tissue-specific,
and the overexpression of two isozymes (PFKFB3 and
PFKFB4) has been demonstrated in various solid tumours and
haematological cancer cells [37]. Peripheral and tissue resi-
dent T-cells from people with RA have a unique metabolic
signature with an impairment of glycolysis due to a deficiency
of PFKFB3, resulting in delayed glycolysis and increased PPP
via the up-regulation of glucose-6-phosphate dehydrogenase
(G6PD) [3]. The ratio of these two enzymes in T cells cor-
relates to disease activity in people with RA, which suggests
a dysregulation of pro-inflammatory properties of T cells
directly affected by PFKFB3 and G6PD [4, 38]. T cells are
therefore diverting glucose from energy generation toward

synthesis of biomass precursors with functional consequences
that include hyper-proliferation, G2/M bypass, and deviated
functional commitment [39].

Little is known about the role of PFKFB3 in regulating neu-
trophil metabolism and function. Enhancement of PFKFB3
transcription and translation facilitates the production of
neutrophil inflammatory factors during the acute phase of
sepsis [40]. Pharmacological inhibition or depletion of PFK-2
by small interfering RNA (siRNA) leads to a significant de-
crease in NOX2 activity in neutrophils in response to various
stimuli [41]. Among the four isoenzymes of PFK-2, PFKFB3
and PFKFB4 are the two main isoenzymes expressed in human
neutrophils. PFKFB3 is a critical glycolysis regulatory enzyme
that promotes fructose 2,6-bisphosphate (F2,6BP) production
which in turn activates PFK-1, increasing glycolytic output.
It has the highest kinase:phosphatase activity ratio of all the
PFKFB isoforms [42], proving a possible explanation as to why
inhibition of this isoform has such a marked effect on cellular
function. In vitro experiments showed that glycolytic metab-
olism with PFKFB3 involvement supports inflammatory cyto-
kine expression [40]. Furthermore, a significant increase has
been observed in the expression of PFKFB3 in LPS-challenged
and sepsis neutrophils compared with healthy controls [43].

Little else is known about the role of phosphofructokinase
enzymes in neutrophils. For this reason, we tested whether
neutrophils were still able to activate the NOX2 pathway to
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produce ROS and NETs when challenged with the PFKFB3 both glucose-containing and no glucose media. NET produc-
inhibitor 3PO. We observed a concentration-dependent inhib- ~ tion was also inhibited by 3PO, although RA neutrophils were
ition of ROS production by 3PO in HC and RA neutrophils in more sensitive to 3PO inhibition at lower concentrations than
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HC neutrophils. Importantly, 3PO inhibited NET production
in response to immune-complexes (IIC) which mimic the
auto-immune antibodies found in the majority of people with
RA. Measurement of neutrophil apoptosis after 24 h showed
that increasing concentrations of 3PO increased the number
of late apoptotic cells and decreased the early apoptotic cell
count. The increase in late apoptotic cells at the highest con-
centrations of 3PO may be undesirable as these cells have
leaky membranes and are likely to be pro-inflammatory es-
pecially at inflammatory sites. We also observed that bacterial
killing was suppressed by 3PO. However, bacterial killing was
not completely abrogated even at relatively high 3PO concen-
trations, indicating that the neutrophils retained some phago-
cytosis and killing functions despite ROS and NETs having
been inhibited.

Recent doubt has been cast on the specificity of 3PO for
its reported target PFKFB3 [32, 33]. When we repeated our
experiments with an alternative PFKFB3 inhibitor (AZ67), we
observed no effect on ROS or NET production, leading us to
consider that 3PO may have an off-target, anti-inflammatory
effect in human neutrophils. Our NMR metabolomics analysis
confirmed an increase in lactate in response to 3PO, which
aligns with recent reports [32]. We also observed a significant

decrease in glutathione, which is an important metabolite in
redox homeostasis. It is essential for defending cells against
oxidative damage, including from ROS such as hydrogen
peroxide and superoxide produced during the neutrophil
respiratory burst. It acts directly as an antioxidant and as
a substrate for glutathione peroxidases, which break down
peroxides and prevent oxidative damage to biomolecules
[44]. The decrease in glutathione observed in our experiments
is likely in direct response to the decrease in ROS production
in the presence of 3PO. The increase in mitochondrial
metabolites L-glutamine and phenylalanine, along with the
predicted increase in amino acid-recycling, may represent a
metabolic switch adopted by neutrophils to compensate for
the inhibition of glycolysis. L-glutamine is a significant energy
source for cells of the immune system, where it is converted to
glutamate and then into alpha-ketoglutarate, before entering
the TCA cycle to produce ATP [45]. In rat neutrophils,
glutamine enhances ROS production and regulates NADPH
oxidase activity [46]. It is interesting therefore that the
levels of glutamine increase in response to 3PO, and vyet,
ROS production is completely inhibited. Phenylalanine
and its metabolite tyrosine are degraded to fumarate and
acetoacetate, which are also intermediates in the TCA cycle,
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thus contributing to the production of ATP in the absence
of glycolysis. Whilst we did not detect TCA cycle activity in
PMA-activated neutrophils in our Seahorse experiments, it
may be that some TCA enzymes are functional in neutrophils
and may become activated in conditions of glycolysis
inhibition. Further experiments should confirm whether
intermediary enzymes of the TCA cycle can become active
under stress conditions in neutrophils. Metabolic pathway
enrichment analysis also predicted changes in a number of
metabolic pathways involving membrane phospholipids,
possibly reflecting the changes in the proportion of early/late
apoptotic neutrophils observed in our study.

One of the limitations of our study was that the partici-
pants with RA were receiving one or more disease-modifying
anti-rheumatic drugs (DMARDs, e.g. methotrexate and
hydroxychloroquine), and this may account for some of the
heterogeneity in the results for the RA group. The treatment
groups and exclusion criteria for HC and RA samples also lead
to modest sample size that limits the effectiveness of univariate
analysis methods for metabolomics datasets. Data filtering
using CRS to limit analysis to annotated metabolites within
the data (53 metabolites) did not wholly alleviate this issue,
and therefore, it is possible that more metabolite changes could
be discerned with a larger sample size. Several DMARDs have
known effects on neutrophil functions, including decreasing
ROS production and degranulation [9]. We recorded wider
experimental variation in the RA samples, which could be ex-
plained by the effect of DMARDs, differences in donor disease
activity (DAS28), or other clinical factors such as inflamma-
tion (e.g. CRP). Another significant limitation of our study
is that we were also not able to conclusively determine the
molecular target of 3PO in human neutrophils, and the mo-
lecular target of 3PO remains unidentified despite the efforts
others [32, 33]. We were unfortunately not able to perform
additional experiments with an alternative PFKFB3 inhibitor
(AZ67) as part of this study. This inhibitor reportedly has high
specificity for PFKFB3 inhibition in cell-free enzyme activity
assays and has been shown to prevent the activation of gly-
colysis in mouse neurons [47]. However, AZ67 has also been
shown to have off-target effects on angiogenesis that are not
directly related to glycolysis inhibition [48].

In summary, we have shown in this study that neutro-
phils are metabolically adapted to maintain ROS production
in low-glucose environments such as sites of inflammation,
and that NET production is preserved in RA neutrophils in
low-glucose environments. We also identified the inhibitor
compound 3PO as a critical regulator of pathogenic and
tissue damaging inflammatory responses by human neutro-
phils. Further experiments will be required to fully determine
whether this is via direct inhibition of PFKFB3, or via an off-
target effect, which may divert energy production away from
glycolysis and toward mitochondrial metabolism. Whilst 3PO
partially inhibited cytotoxic bacterial killing by neutrophils
we propose that, at lower and optimized concentrations, 3PO
could be considered a potential therapeutic for the treatment
of immune-mediated inflammatory diseases such as RA with
a strong neutrophil-driven pathology.

Supplementary data

Supplementary data is available at Clinical and Experimental
Immunology online.
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