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Neutrophils are the most abundant leukocytes in the circula-
tion, with a crucial role in innate immunity. Upon sensing 
signals associated with infection, neutrophils can rapidly 

turn on a series of effector functions, including the production 
of reactive oxygen species (ROS), the release of antibacterial pep-
tides and proteases and the release of neutrophil extracellular traps 
(NET), to eliminate pathogens1–3. ROS have a central role in neutro-
phil functions, not only by acting as key pathogen-killing agents but 
also through activation of granular proteases and induction of NET 
release4–6. The rapid production of ROS upon activation is termed 
oxidative burst, which is catalysed by a multicomponent enzyme, 
NADPH oxidase (NOX)7. Impaired oxidative burst due to NOX 
mutations causes chronic granulomatous diseases, which leave 
patients highly susceptible to infections8,9, highlighting the impor-
tance of oxidative burst in innate immunity.

Emerging studies have demonstrated that specific metabolic 
rewiring is often coupled to immune response to both support and 
orchestrate immune functions10–14 in T cells, macrophages, natural 
killer cells and so on15–17. Compared to that of other immune cells, 
understanding of neutrophil metabolism is only just beginning18–20. 
As short-lived cells at the first line of immune defence, neutrophils 
have the unique ability to turn on antipathogen responses very 
quickly. Because such rapid activation of effector functions is associ-
ated with substantial metabolic demands, a critical aspect of neutro-
phil metabolism is to understand how they utilize limited metabolic 
resources to support the considerable increase in metabolic demand 
within a short time. For instance, within 10–30 min after stimula-
tion, neutrophils can engage in oxidative burst where oxygen 
consumption rate rises >30-fold. This requires a large amount of 

NADPH to drive the reduction of oxygen. Many previous studies 
have investigated this key question: what metabolic strategies do 
different cells use to fulfil the NADPH demand associated with dif-
ferent biological processes? Various pathways, including pentose 
phosphate pathway (PPP)21–24, malic enzyme25,26, isocitrate dehydro-
genase27,28 and folate pathways29,30, have been reported to contribute 
significantly under different situations (for example, biosynthesis 
during proliferation, lipogenesis, redox defence and so on). Among 
these, upregulation of oxidative PPP (oxPPP) has been found par-
ticularly important in supplying NADPH during acute oxidative 
stress21,31–33. Like the oxidative burst (where NADPH is required to 
drive the production of ROS from oxygen), defence against acute 
oxidative stress (where NADPH is required to drive the reduction 
in ROS to less reactive products like H2O) is also associated with 
a sudden, profound increase in NADPH demand. Studies in acute 
oxidative stress suggest that PPP has high potential capacity to sup-
ply NADPH on demand22,34. Recent studies in various immune 
cells have additionally indicated the importance of PPP in immune 
functions35–37, including some in neutrophils suggesting the depen-
dence of oxidative burst on glucose metabolism or oxPPP38–40.  
However, the specific metabolic reprogram that rapidly powers up 
neutrophil effector functions upon activation has not been quanti-
tatively revealed.

Here we characterized the rapid metabolic changes in neutrophils 
activated by a series of stimuli, and identified that a common fea-
ture specifically coupled to oxidative burst is the substantial rewir-
ing of PPP. During oxidative burst, oxPPP is greatly upregulated and 
becomes the dominant pathway for glucose metabolism. At the same 
time, net flux through upper glycolytic enzyme glucose-6-phosphate 
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isomerase (GPI) is reversed. This forms the unique metabolic mode 
of pentose cycle, where overflowing pentose produced by oxPPP is 
converted by non-oxidative PPP (non-OxPPP) and reversed GPI 
back to glucose-6-phosphate (G6P), which then re-enters oxPPP. 
Pentose cycle enables ultra-high NADPH yield (up to six NADPH 
per glucose) that greatly exceeds what is known in other mamma-
lian cells. Notably, the switch to pentose cycle upon activation is 
rapid, on demand, and quantitatively coupled to the strength of oxi-
dative burst across various types and doses of stimulation. Specific 
inhibition of oxidative burst in stimulated neutrophils resets cells to 
using glycolysis-dominant glucose metabolism. Disruption of pen-
tose cycle by inhibition of oxPPP or genetic knockout (KO) of key 
non-OxPPP enzymes strongly inhibits oxidative burst, NET release 
and pathogen killing. This discovery reveals the impressive and 
unique metabolic flexibility in neutrophils that is essential for their 
function in innate immunity.

results
Neutrophils rapidly reprogram metabolism upon stimula-
tion. To systematically characterize metabolic alterations asso-
ciated with neutrophil activation, we examined the response in 
human peripheral blood neutrophils stimulated ex vivo with five 
different stimuli: (1) zymosan A, a fungal wall component, (2) 
tumour necrosis factor (TNF)-α, an inflammatory cytokine, (3) 
N-formylmethionyl-leucyl-phenylalanine (fMLP), a bacterial pep-
tide analogue, (4) Pseudomonas aeruginosa (PsA), a bacterial patho-
gen and (5) phorbol myristate acetate (PMA), a protein kinase C 
activator. Metabolomic analysis revealed substantial and rapid 
(within 10 or 30 min) alterations that were largely consistent across 
donors (Fig. 1a). Interestingly, we observed that these five stimuli, 
which activate different receptors and targets, induced many similar 
metabolic changes. Most notably, all detected intermediates in the 
PPP accumulated profoundly and many intermediates in glycoly-
sis increased to a lesser extent, pointing to a substantial rewiring of 
these pathways that is commonly induced upon activation.

PPP rewiring is specifically coupled to oxidative burst. The 
five stimuli examined can activate a diversity of effector func-
tions; one common function rapidly induced by all is oxidative 
burst41,42. Oxidative burst is quantitively indicated by increase in 
NOX-dependent oxygen consumption rate, which peaks around 
30 min after stimulation by zymosan, PMA or TNF-α (Fig. 1b). 
Oxidative burst requires a large amount of NADPH as the reduc-
ing power (Fig. 1c). OxPPP is known as a major pathway supplying 
cellular NADPH in many biological contexts23. Inhibition of oxPPP 
using the inhibitors glucose-6-phosphate dehydrogenase (G6PDi) 
or 6-aminonicotinamide (6-AN) can suppress oxidative burst 
induced by various stimuli nearly as complete as direct inhibition 
of the NOX complex with diphenyleneiodonium chloride (DPI)  

(Fig. 1d–f), and the inhibition of oxidative burst by oxPPP inhibitor 
is dose-dependent (Extended Data Fig. 1a). These results, consistent 
with previous reports38,39, suggest that the activation of oxidative 
burst is dependent on oxPPP.

Interestingly, we found that substantial rewiring of PPP is also 
dependent on the activation of oxidative burst. To isolate the meta-
bolic changes directly associated with oxidative burst from those 
generally induced by stimulation, we compared the metabolomic 
profiles of neutrophils stimulated with zymosan, TNF-α, PsA or 
PMA for 30 min, with or without treatment with the NOX inhibi-
tor DPI (Fig. 1g). While many stimulation-induced changes across 
the metabolic network persisted regardless of DPI treatment, this 
analysis highlighted that the upregulation of PPP intermediates is 
specifically dependent on NOX activity. Furthermore, we found 
accumulation of PPP intermediates closely correlated with the 
strength of oxidative burst over time and across varying stimula-
tion dosage. Upon stimulation with 100 nM PMA, intermediates in 
PPP and glycolysis accumulate very rapidly and reached a plateau 
when oxidative burst reached its peak (by ~30 min; Fig. 1h). With 
increasing dosage of PMA, oxidative burst became faster and stron-
ger, reaching a maximum at ~100 nM (Fig. 1i). PPP intermediates 
also increased in a dose-dependent manner and reached a maxi-
mum (>10-fold) at ~100 nM. Such PPP accumulation can be com-
pletely prevented by NOX inhibition at any PMA dose (Fig. 1j). In 
contrast, glycolytic intermediates such as fructose-1,6-bisphosphate 
(FBP) and dihydroxyacetone phosphate (DHAP) also increased in 
a PMA dose-dependent manner, but such increase was largely not 
prevented by NOX inhibition (Fig. 1j and Extended Data Fig. 1b). 
These results demonstrate that PMA-induced rewiring of PPP, but 
not glycolysis, is fully dependent on oxidative burst.

Similarly, we observed dose-dependent accumulation of PPP 
intermediates that correlates with dose-dependent increase in oxi-
dative burst upon zymosan stimulation (Extended Data Fig. 1c,d).  
Together, these data illustrate interdependence between the acti-
vation of oxidative burst and substantial rewiring of PPP. Such 
interdependence is specific among the broader range of metabolic 
alterations and functional changes associated with neutrophil acti-
vation induced by various stimuli.

PPP becomes the major metabolic route during oxidative burst. 
Interdependence between the activation of oxidative burst and 
rewiring of PPP suggests that neutrophils probably redirect glucose 
into oxPPP to increase NADPH supply. To quantitively measure 
the redistribution of glucose metabolism flux coupled to oxidative 
burst, we performed a tracing study with 1-13C-glucose in neutro-
phils stimulated with 100 nM PMA for 30 min, with or without DPI 
treatment. OxPPP specifically releases the C1 carbon of G6P as CO2, 
while glycolysis retains this carbon. Therefore, when 1-13C-glucose 
is metabolized via glycolysis it yields 50% unlabelled and 50% 

Fig. 1 | rapid changes in PPP coupled to oxidative burst. a, Heatmap showing metabolomic changes in human neutrophils activated ex vivo with 
zymosan (zym; 300 µg ml–1, 30 min), TNF-α (100 ng ml–1, 30 min), fMLP (100 nM, 10 min), PsA (10:1 PsA/neutrophils, 30 min) or PMA (100 nM, 30 min). 
Colour represents fold change compared to unstimulated neutrophils from the same donor. b, Oxidative burst induced by zymosan (500 µg ml–1), TNF-α 
(100 ng ml–1) or PMA (100 nM) (mean ± s.d., n = 6 technical replicates). c, NOX, stimulated by PMA and inhibited by DPI, produces superoxide using 
NADPH as the electron donor. OxPPP produces NADPH and can be inhibited by G6PDi or 6-AN. d,e, Oxidative burst induced by PMA (d) or zymosan 
(e) is inhibited by G6PDi, 6-AN or DPI (mean ± s.d., n = 6 (PMA), n = 8 (zymosan) technical replicates). f, Oxygen consumption by neutrophils incubated 
with PsA for 30 min with or without treatment by 6-AN, G6PDi or DPI (mean ± s.d., n = 4 technical replicates, indicated by dots). ND, not detectable 
(OCR for neutrophils not significantly different from zero). g, Heatmap showing metabolomic differences in human neutrophils stimulated ex vivo with 
zymosan (300 μg ml–1), PMA (100 nM), TNF-α (100 ng ml–1) or PsA for 30 min with or without DPI (10 µM) treatment. Colours indicate relative metabolite 
levels in conditions without DPI treatment compared to corresponding conditions (same donor, same stimulant) with DPI treatment. h, Changes in PPP 
and glycolytic intermediates over time upon stimulation with 100 nM PMA. Relative level is normalized to unstimulated neutrophils. *, Below reliable 
quantitation. Centre of the plot shows mean value from technical duplicates. i, Oxidative burst induced by varying PMA doses (mean ± s.d., n = 6 technical 
replicates). j, Relative abundances of PPP and glycolytic metabolites at 30 min after stimulation with varying doses of PMA. Bar graphs represent mean 
values of technical replicates (indicated by individual dots). b,d–f,h–j, Results confirmed in at least two independent experiments using neutrophils from 
different donors. a,g, Results from different donors presented in different rows. Ctrl, control.
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1-labelled three-carbon lower glycolytic metabolites (such as DHAP 
and lactate); alternatively, when 1-13C- glucose is metabolized via 
oxPPP, labelling would be lost in downstream metabolites (Fig. 2a)43. 

We found that, without oxidative burst, DHAP and lactate were 
close to 50% labelled, indicating that glycolysis is the major route 
for glucose metabolism. However, during PMA-induced oxidative 
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burst, this labelled fraction dropped sharply to <5%. Treatment 
of G6PDi, which partially inhibits oxPPP, partially prevented the 
loss of labelling (Fig. 2b). To verify whether loss of labelling is spe-
cific to the C1 position rather than a result of preferential usage 
of non-glucose substrates, we performed parallel U-13C-glucose 
labelling. Unlike 1-13C-glucose tracing, U-13C-glucose resulted in 
near-complete labelling (~90%) of lower glycolytic intermediates 
under all three conditions (Fig. 2c), suggesting that PMA-stimulated 
neutrophils rely mainly on extracellular glucose. Together, these 
data show that oxidative burst drives a switch from glycolysis to 
oxPPP as the dominant route for glucose metabolism in PMA- 
stimulated neutrophils.

Neutrophils switch to cyclic PPP to maximize NADPH yield. We 
next quantitatively examined the mass balance between glucose 
utilization and NADPH demand for oxidative burst: over the 1-h 
period following PMA stimulation, neutrophils (per 10,000 cells) 
needed to produce at least 0.84 ± 0.12 nmol NADPH from oxPPP 
to power up the oxidative burst shown in Fig. 1d. This was quan-
tified based on the difference in area under the curve of oxygen 
consumption in PMA-stimulated control versus the oxidative burst 
curve when oxPPP was inhibited by G6PDi, and the biochemical 
knowledge that at least one NADPH is needed to reduce every two 
molecules of oxygen. Over this 1-h period, cells consumed a total 

of 0.28 ± 0.05 nmol of glucose as measured by the decrease in glu-
cose content in spent media. The ratio of total NADPH production 
from oxPPP to total glucose consumption was greater than 2, which 
is the maximal expected NADPH yield when 100% of consumed 
glucose is shunted into oxPPP. This observation poses an important 
question—how do neutrophils produce NADPH at such high rate to 
enable substantial oxidative burst?

One way to achieve high NADPH yield from limited glucose is 
to recycle pentose carbon via non-OxPPP and reversed upper gly-
colysis44. This will allow each molecule of glucose to be oxidized via 
oxPPP multiple times. Labelling results from 1-13C-glucose tracing 
suggest that such a metabolic mode may occur in activated neutro-
phils. Without oxidative burst, pentose phosphates were substan-
tially labelled from 1-13C-glucose while during oxidative burst this 
labelling was almost completely lost (Fig. 2d and Extended Data 
Fig. 2a), indicating that oxPPP becomes the main source of pentose 
phosphate production. Unlabelled pentose phosphates overflowing 
from oxPPP can be converted by non-OxPPP to the glycolic inter-
mediates F6P and glyceraldehyde 3-phosphate (GAP). Consistent 
with PPP-driven F6P production, we found that F6P labelling also 
substantially decreased during oxidative burst (Extended Data  
Fig. 2b). Very intriguingly, this great loss of labelling was also 
observed in G6P (Fig. 2e), indicating that unlabelled PPP-derived 
F6P is recycled back to G6P via reversed GPI flux.
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To further probe recycling, we performed tracing experiments 
with the 1,2-13C-glucose tracer. OxPPP activity will uniquely sep-
arate glucose C1 from C2, resulting in downstream metabolites 
being singly labelled, whereas scrambling by non-OxPPP will not45. 
During oxidative burst there is a large increase in the 1-labelled 
fraction of pentose phosphates, and over 20-fold increase in the 
M + 1/M + 2 ratio of lower glycolytic compounds such as DHAP 
(Fig. 3a,b and Extended Data Fig. 3a), confirming a drastic increase 
in oxPPP activity. Without oxidative burst, G6P is mainly 2-labelled, 
as expected from direct hexose kinase (HK) activity, with a notable 
fraction being 4-labelled, which indicates that non-OxPPP and GPI 
are highly reversible at baseline. Importantly, during oxidative burst 
we observed the appearance of substantial 1-labelled G6P, which 
indicates that glucose carbon that had gone through oxPPP is recy-
cled back to G6P (Fig. 3c).

To quantitively characterize the rewiring of glucose metabolism 
coupled to oxidative burst, we performed metabolic flux analysis in 
neutrophils during oxidative burst (30 min post-PMA stimulation) 
or without oxidative burst (also stimulated with PMA for 30 min, 
but treated with DPI). The 1,2-13C-glucose tracing data were fit-
ted using the isotopomer network compartmental analysis (INCA) 
platform46 (Supplementary Table 1) under a pseudo-steady-state 
framework, because although PMA stimulation induces very rapid 
metabolic changes, around the peak of oxidative burst (~30 min 
after stimulation) the system has reached a new steady state, as indi-
cated by steady oxygen consumption (Fig. 1d), metabolite levels and 
labelling patterns (Extended Data Fig. 3b,c). This analysis revealed 
drastic changes in flux distribution consistent across donors  
(Fig. 3d, Extended Data Fig. 3d and Supplementary Table 2): with 
the activation of oxidative burst, oxPPP flux increased from <10% 
to >200% of glucose uptake rate and glycolysis became uncoupled. 
Net flux through upper glycolytic reaction GPI flipped from close 
to 100% of glucose uptake towards F6P to more than 100% reversed, 
while lower glycolysis (GAP to lactate) became mainly supplied by 
PPP-derived GAP. This drastic switch from glycolysis to cyclic PPP 
demonstrates that neutrophils have remarkable metabolic flexibility 
that allows them to produce NADPH at an ultra-high yield to fuel 
oxidative burst.

To further verify carbon recycling during oxidative burst, we 
applied 3-2H-glucose tracing. This tracer can be directly converted 
to 2H-labelled G6P by HK. However, if cells engage in pentose cycle, 
deuterium at the C3 position is transferred to NADPH when G6P 
enters oxPPP for the first time, and therefore G6P generated from 
recycling via reversed GPI is unlabelled (Fig. 3e). We found that, 
without oxidative burst, the majority of G6P is deuterium labelled, 
while during oxidative burst it is mostly unlabelled (Fig. 3f),  
indicating that cells adopt a substantial pentose cycle.

To experimentally test the significance of pentose cycling, 
we knocked out either transketolase (TKT) or transaldolase 
(TALDO1), two enzymes in non-OxPPP required for recycling 
but that do not directly produce NADPH, in neutrophil-like 
cell line HL-60. Wild-type (WT) HL-60 cells displayed a strong 
oxidative burst when stimulated with PMA, but this capabil-
ity was largely lost in TKT and TALDO1 KO cells (Fig. 3g). 
Similarly, we found that TKT or TALDO1 KO also significantly 
suppressed zymosan-induced oxidative burst (Extended Data  
Fig. 4a). These results demonstrate that pentose cycle is required for  
oxidative burst.

Quantitative coupling between pentose cycle and oxidative burst. 
Without performing modelling-based metabolic flux analysis, the 
general glucose metabolism mode can be indicated by average label-
ling enrichment (defined by the average number of 13C-labelled car-
bons per molecule) in lower glycolytic compounds such as DHAP 
and lactate from 1,2-13C glucose tracing. Given that in stimulated 
neutrophils glucose is the main source of glycolysis and PPP, we 
consider three extreme glucose metabolism modes (Fig. 3h and 
Extended Data Fig. 4b): When all glucose is metabolized via gly-
colysis, each molecule of 1,2-13C glucose yields one unlabelled 
pyruvate and one 2-labelled pyruvate, resulting in average label-
ling enrichment of 2/2 = 1. As cells engage in more oxPPP, more 
labelled carbon from C1 position would be released as CO2. When 
100% of glucose is shunted into oxPPP but cells do not engage 
in net cycling, from every molecule of 1,2-13C glucose up to one 
labelled carbon is lost as 13CO2 and the reaction yields 5/3 pyruvate 
per glucose, resulting in the lower limit of average labelling enrich-
ment in pyruvate of 0.6. As cells further engage in recycling with 
reversed GPI, more labelled carbon can be released as 13CO2 when 
glucose enters oxPPP for the second or third round, thus resulting 
in labelling enrichment in lower glycolysis <0.6. In human periph-
eral blood neutrophils, labelling enrichment was close to 1 without 
oxidative burst but dropped to <0.3 during PMA-induced oxidative 
burst, confirming the shift from glycolysis-dominant metabolism to 
pentose cycle. Partial inhibition of oxPPP with G6PDi significantly 
increased labelling enrichment, as expected (Fig. 3i). Similarly, in 
HL-60 cells, PMA-stimulated oxidative burst caused a decrease in 
labelling enrichment, from ~1.0 to ~0.3, and KO of non-OxPPP 
enzymes TKT or TALDO1 significantly increased labelling enrich-
ment to slightly >0.6, which corresponds to near full oxPPP but 
with no cycling, as expected (Fig. 3j).

Using this approach, we then examined metabolic shift coupled 
to the oxidative burst induced by zymosan, PsA and TNF-α. Like 
PMA, all three stimuli induced a shift towards pentose cycle as indi-
cated by a decrease in lower glycolysis labelling enrichment (Fig. 3k)  

Fig. 3 | Neutrophils adopt pentose cycle during oxidative burst. a–c, Labelling patterns of ribulose-5-phosphate (a), DHAP (b) and G6P (c) from 
1,2-13C-glucose tracing. Bar graphs represent mean ± s.d., n = 3 biological replicates (neutrophils isolated from different donors represented by individual 
dots). d, Metabolic flux distributions in stimulated neutrophils with or without oxidative burst. Numbers in blue next to the reaction indicate relative 
net flux, which are normalized to HK flux as 100. Values represent average results from multiple donors, with s.d. indicated in parentheses (n = 3 for no 
oxidative burst condition, n = 5 for oxidative burst condition). e, Schematic showing G6P labelling from 3-2H-glucose. HK activity generates 2H-labelled 
G6P, whereas pentose cycle generates unlabelled G6P. f, Labelling pattern for G6P from 3-2H-glucose. Bar graph represents mean value of n = 2 technical 
replicates indicated by individual dots. Labelling in PMA-stimulated oxidative burst was repeated in four independent experiments. g, PMA-induced 
oxidative burst is suppressed in TKT or TALDO1 KO HL-60 cells (mean ± s.d., n = 6 (WT) and n = 12 (TKT and TALDO1 KO) independent samples).  
h, Schematic illustrating expected average labelling enrichment from 1,2-13C-glucose when cells metabolize glucose: (1) 100% via glycolysis, (2) 100% via 
oxPPP with no recycling (no GPI flux) or (3) via full pentose cycle with reversed GPI net flux (that is, oxPPP flux is 300% of total glucose uptake). i, Average 
labelling enrichment of DHAP from 1,2-13C-glucose in human peripheral blood neutrophils stimulated with PMA (100 nM) with or without NOX inhibitor 
DPI (10 µM) or G6PDi (50 μM). Mean ± s.d., dots represent results in different biological replicates (neutrophils from different donors), n = 4 (PMA, 
PMA + DPI), n = 2 (PMA + G6PDi). j, Average labelling enrichment of DHAP from 1,2-13C-glucose from WT, TKT or TALDO1 KO HL-60 cells. Mean ± s.d. 
from independent samples measured in independent experiments; n = 2–5 in each specific condition, as indicated by individual dots. k, Average labelling 
enrichment of DHAP from 1,2-13C-glucose in human peripheral blood neutrophils stimulated ex vivo with zymosan A (300 μg ml–1), TNF-α (100 ng ml–1) 
or PsA (10:1 bacteria/neutrophils) with or without DPI (10 µM). Mean ± s.d., dots represent different biological replicates (different donors), n = 4 (zym, 
TNF-α), n = 2 (PsA).
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and increase in M + 1 fraction in pentose phosphate and G6P 
(Extended Data Fig. 4c). Zymosan and PsA induced a large shift to 
net cycling (labelling enrichment <0.6), while TNF-α caused only a 

small shift towards higher oxPPP without engaging in net cycling. 
Across these stimuli, the extents of metabolic shift correlate with the 
strength of oxidative burst (Fig. 1b) included by them.
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We observed similar quantitative coupling between the meta-
bolic shift toward the pentose cycle and the strength of oxidative 
burst over both time and with different stimulation dosages. Upon 
stimulation with 100 nM PMA, labelling enrichment in lactate 
dropped from ~1.0 to well below 0.6 as soon as 10 min, further 
decreased to a minimum at 30 min when oxidative burst peaked, 
then rose to around 0.5 at 60 min when oxidative burst damp-
ened (Fig. 4a). This temporal correlation suggests that neutrophils 
promptly adjust metabolic strategy to supply NADPH according 
to changing demands during oxidative burst. Over increasing dos-
ages of PMA, labelling enrichment decreased in a dose-dependent 
manner and reached a minimum at ~100 nM, where peak oxidative 
burst reached maximum (Fig. 4b). Elimination of oxidative burst 
by DPI brought labelling enrichment back to near 1.0 at any dose 
of PMA (Extended Data Fig. 5a), suggesting that, without oxidative 
burst, stimulated neutrophils use mainly glycolysis. Interestingly, 
our flux analysis showed that neutrophils at maximal oxidative burst 
(100 nM PMA) use nearly the complete pentose cycle (indicated by 
PFK net flux approaching zero in some donors (Extended Data Fig. 
3d)), and thus approach the upper limit of NADPH yield from glu-
cose (without engaging substantial activity of the gluconeogenesis 
enzyme FBPase). The fact that, over increasing dosages of PMA or 
zymosan, cells eventually reach a common maximal oxidative burst 
magnitude (Fig. 1i and Extended Data Fig. 1d) probably reflects that 
maximal metabolic capacity to produce NADPH defines the maxi-
mal magnitude of oxidative burst.

Mechanisms for rapid switching towards pentose cycle. This 
study reveals the impressive metabolic flexibility of neutrophils. 
We next sought to understand the mechanism allowing neutrophils 
to rapidly switch to pentose cycle on demand. The best-known 
rate-limiting step of oxPPP is G6PD. We found that neither 
G6PD protein levels nor maximal enzymatic activity (as mea-
sured in cell lysate) increased during oxidative burst (Extended 
Data Fig. 5b,c). This is consistent with the observation that the 
profound oxPPP upregulation can occur within minutes, a time 
frame faster than most transcriptional or translational regulation 
mechanisms can achieve, pointing to plausible small-molecule- 
driven regulation.

OxPPP uses NADP+ as a substrate, and NADPH is a known feed-
back inhibitor. It has been suggested that G6PD runs at a very low 
percentage of its maximal capacity in many cells due to a low cellu-
lar NADP+/NADPH ratio, which gives cells a large reserved oxPPP 
capacity and allows G6PD flux to be very sensitive to NADP+/
NADPH redox ratio, which often indicates NADPH demand22,47,48. 
As a result, an increased NADP+/NADPH ratio has been shown 
to effectively drive the activation of oxPPP flux from Escherichia 
coli to human cells21,22,32,49. Upon neutrophil activation, NOX can 
quickly consume NADPH and oxidize it to NADP+4,50. We expect 
that NOX activation, together with activation of NAD kinase51, 
can cause accumulation of NADP+ and depletion of NADPH, and 
thus increase oxPPP flux without increased G6PD enzyme activity. 
Indeed, we observed strong temporal- and dose-dependent correla-
tion between the decrease in NADPH/NADP+ ratio and increase in 
oxPPP (Fig. 4c,d). Upon stimulation with 100 nM PMA, NADPH 
dropped to a non-detectable level as soon as 10 min, stayed mini-
mal at 30 min and slightly increased by 60 min when the oxidative 
burst had dampened, while NADP+ continued to accumulate over 
time (Fig. 4c). With increasing doses of PMA, NADPH depletes 
and NADP+ accumulates, reaching a maximum at ~20 nM when 
oxidative burst and the upregulation of oxPPP approach maxi-
mum (Fig. 4d). Similar depletion of the NADPH/NADP+ ratio 
was also observed with stimulation by fMLP, zymosan, TNA-α and 
PsA (Extended Data Fig. 5d). Inhibition of NOX fully prevented 
the depletion of NADPH and substantially reduced accumulation 
of NADP+ (Fig. 4d). These results suggest that activation of NOX 

dynamically controls the cellular NADPH/NADP+ ratio, which 
then results in rapid upregulation of oxPPP flux. Consistent with 
this mechanism, treatment of neutrophils without oxidative burst 
(either unstimulated neutrophils or PMA-stimulated neutrophils 
treated with NOX inhibitor) with an electron sink phenazine 
methosulfate52 to deplete NADPH induces substantial upregulation 
of PPP metabolites, which mimics that observed during oxidative 
burst (Extended Data Fig. 5e).

Apart from drastic oxPPP upregulation, remodelling of glycoly-
sis is also associated with pentose cycle. It has been reported that 
blockage of glycolysis can help cells divert more flux into oxPPP 
under oxidative stress23,33,53, and TIGAR-driven inhibition of PFK 
is one known mechanism of glycolysis inhibition54. We therefore 
measured the activities of PFK and aldolase in cell lysates and found 
that, during PMA-induced oxidative burst, neither TIGAR levels 
nor F6P-driven FBP production changed significantly while DHAP 
production reduced slightly (Extended Data Fig. 5f,g). Another 
report showed that treatment of cells with a PFK activator signifi-
cantly lowered oxidative burst40. Activation of PFK can drain F6P. 
In the present study we found that the ratio between F6P and G6P 
is particularly important in controlling the reversal of GPI net flux, 
which is required for substantial pentose cycling. Our flux analysis 
revealed large back-and-forth GPI gross flux even at baseline with-
out oxidative burst (Supplementary Table 2), suggesting that GPI 
rests at a near-equilibrium state in neutrophils and consistent with 
the knowledge biochemically that GPI reaction has a very small ΔG0 
(change in Gibbs free energy)55. Therefore, thermodynamically, GPI 
net flux can be readily flipped by changes in its reaction quotient—
that is, the ratio between F6P and G6P concentrations. Indeed, dur-
ing oxidative burst the [F6P]/[G6P] ratio increases in a time- and 
dose-dependent manner, closely correlating with the flip of GPI net 
flux (Fig. 4e,f). This increase is probably due to both high oxPPP 
activity during oxidative burst that rapidly consumes G6P, lowering 
its level (Extended Data Fig. 3b), and increased non-OxPPP flux 
that produces F6P, while potential inhibition of glycolysis down-
stream of F6P may also contribute. Consistent with the fact that GPI 
is highly reversible and not rate limiting in pentose cycle, we found 
that using F6P as substrate in cell lysate can drive NADPH produc-
tion at a very similar rate to using G6P as substrate (Extended Data 
Fig. 5c). Together, these results suggest that near-equilibrium upper 
glycolysis and reserved capacity in oxPPP enables the remarkable 
metabolic flexibility found in neutrophils.

Pentose cycle is required for neutrophil functions. Neutrophils 
produce a large amount of ROS from oxidative burst to kill patho-
gens, partly by causing oxidative stress56. We coincubated 13C-labelled 
PsA with human neutrophils and found the bacterial glutathione/
glutathione disulfide (GSH/GSSG) ratio greatly reduced by neutro-
phil oxidative burst (Fig. 5a), as expected. Treatment of neutrophils 
with oxPPP inhibitor significantly alleviated oxidative stress in bac-
teria, as indicated by lower reduction of bacterial GSH/GSSG (Fig. 
5a). It is worth noting that, because bacteria can also use oxPPP to 
defend against oxidative stress, if the inhibitor also affects bacterial 
oxPPP, it would reduce the bacterial GSH/GSSG ratio even further. 
Therefore, this restoration of bacterial GSH/GSSG ratio shows that 
PPP activity in neutrophils is critical in the induction of oxidative 
stress in phagocytized bacteria.

Besides acting directly as pathogen-killing agents, ROS can also 
induce the release of NET3, which starts shortly after oxidative burst. 
We found that either inhibition of oxPPP or KO of non-OxPPP 
enzymes TKT or TALDO1 greatly suppressed NET release, similar 
to direct inhibition of NOX (Fig. 5b,c and Supplementary Fig. 1), 
demonstrating the importance of pentose cycle in NET release.

Finally, to assess the overall impact of pentose cycle on patho-
gen killing, we coincubated PsA with neutrophils. Both inhibi-
tion of oxPPP and KO of non-OxPPP enzymes greatly suppressed 

NATurE METABoLiSM | VOL 4 | MARCH 2022 | 389–403 | www.nature.com/natmetab396

http://www.nature.com/natmetab


ArticlesNATurE METAboliSM

pathogen-killing capacity in vitro (as indicated by significantly 
higher remaining bacterial colony-forming units (CFU) after coin-
cubation), to an extent similar to direct inhibition of oxidative burst 
(Fig. 5d,e). To assess defence against pathogens in vivo, we used a 
fungal infection model in zebrafish. It was previously established 
that oxidative burst by neutrophils is critical for the clearance of 
Aspergillus nidulans infection57. When challenging zebrafish with A. 
nidulans, we found that PPP inhibition greatly reduced host sur-
vival, similar to the genetic mutation of a NOX complex component 
(p22–/–) that disrupts oxidative burst (Fig. 5f). Together, these data 
demonstrated the critical role of PPP in defence against pathogens.

Shift towards PPP during other innate immune responses. To 
test whether the rewiring of PPP, which we consistently observed 
with several types of ex vivo stimulation, also occurs when neutro-
phils are activated in vivo, we analysed metabolites in a peritonitis 
model in mice58. Following peritoneal injection of monosodium 
urate (MSU), neutrophils were isolated both from peritoneal 
lavage, which mainly contained activated neutrophils, and the bone 
marrow, which mainly contained non-activated neutrophils. We 
found that, similar to human neutrophils activated ex vivo, in vivo  

activated neutrophils showed accumulation of PPP intermediates 
and depletion of the NADPH/NADP+ ratio (Fig. 6a).

The production of reactive oxygen and nitrogen species (RONS) 
using NADPH as the reducing power for pathogen killing is a com-
mon function of several types of innate immune cells. For instance, 
classically activated macrophages can produce a large amount of 
nitric oxide (NO) using inducible nitric oxide synthase (NOS2), an 
enzyme that uses a mechanism very similar to NOX (Fig. 6b)59. To 
evaluate the relevance of the metabolic shift toward PPP in RONS 
production beyond neutrophils, we activated bone marrow-derived 
macrophages with lipopolysaccharide/ interferon-γ (LPS/IFN-y), 
which induces NOS2. We found that activation caused not only 
great accumulation of the NOS2 product citrulline, but also pro-
found accumulation of PPP intermediates and reduced NADPH/
NADP+ ratio (Fig. 6c), very similar to that observed in activated neu-
trophils. These changes were prevented when NOS2 was knocked 
out (Fig. 6c). Conversely, inhibition of oxPPP not only dampened 
the accumulation of PPP intermediates but also greatly suppressed 
NOS2 activity, as indicated by the absence of citrulline production 
(Fig. 6d). These results demonstrate the interdependence between 
the shift towards PPP for NADPH supply and activation of RONS 
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Fig. 6 | rewiring of PPP and changes in redox status in murine neutrophils activated in vivo and in classically activated macrophages. a, Relative 
NADPH/NADP+ redox ratio and PPP metabolite levels in neutrophils isolated from either bone marrow (BM) or peritoneal cavity (PC) of mice following 
peritoneal injection of MSU. Bar graphs show mean ± s.d., dots represent biological replicates; n = 5 mice. Numbers of effective measurements of specific 
compounds per condition (indicated by individual dots) vary due to insufficient number of neutrophils isolated from bone marrow in one of the mice for 
the complete LC–MS analyses. P values were determined by two-sided, unpaired t-test. b, Schematic showing the connection between PPP and NOS2 in 
macrophages. c, Metabolite abundance in WT or NOS2 KO bone marrow-derived macrophages stimulated with LPS and IFN-ɣ. Mean ± s.d., n = 3 Technical 
replicates. Results were repeated in two independent experiments. d, Metabolite abundance in WT bone marrow-derived macrophages stimulated with 
LPS and IFN-γ for 48 h with or without treatment by 6-AN (1 mM). Mean ± s.d., n = 3 technical replicates.
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production in macrophages, very similar to the interdependence 
observed in neutrophils.

Discussion
Cells can utilize nutrients through different metabolic routes to 
generate cofactors, energy and biosynthetic precursors at different 
proportions according to their needs. Specific to glucose, particu-
lar metabolic demands for ATP, NADPH, pyruvate and ribose are 
best matched with different metabolic modes60. Glycolysis pro-
duces the most energy, at the rate of two ATP and two pyruvate 
per glucose, but no NADPH. OxPPP produces two NADPH and 
one ribose, while partially oxidizing glucose. In cells where bio-
synthetic demand for ribose exceeds the need for NADPH, such as 
proliferating cancer cells, ribose can additionally be produced from 
non-OxPPP61–63. In cells with a greater demand for NADPH but not 
for ribose, like many non-proliferating cells, the overflowing ribose 
resulting from oxPPP can be shunted back to glycolysis as F6P and 
GAP via non-OxPPP. If the demand for NADPH further increases, 
some or all of the F6P can be recycled back to G6P for additional 
NADPH production, at the cost of higher carbon oxidation and 
lower ATP production. This forms the pentose cycle, which pro-
duces up to six NADPH, and one ATP and one pyruvate per glu-
cose (Fig. 7). In mammalian cells oxPPP is usually a minor route 
for the metabolism of G6P, with flux <10% of glycolysis64,65. This is 
also the case for neutrophils when oxidative burst is not activated. 
Strikingly, within 30 min following stimulation, neutrophils shifted 
to near-complete pentose cycle and oxPPP flux rose to >twofold 
of glucose uptake. While pentose cycle has been long proposed in 
theory as an intriguing potential glucose metabolism mode with 

ultra-high NADPH yield, and some carbon recycling at gross flux 
level has been reported21,22, to our knowledge, substantial pentose 
cycling at net flux level (characterized by reversed GPI net flux, 
uncoupled glycolysis and oxPPP flux exceeding glucose uptake) has 
not been experimentally demonstrated in mammalian cells. This 
study shows that neutrophils have remarkable metabolic flexibility 
that enables them to produce NADPH rapidly and on demand.

Many pathways can potentially contribute to cellular NADPH 
production. Interestingly, using the 3-2H-glucose tracing approach66 
we found that, in unstimulated neutrophils, the active hydride of 
NADPH barely labelled from 3-2H-glucose but the fraction of 
2H-labelled NADPH increased drastically following PMA stimula-
tion (Extended Data Fig. 6), suggesting that glucose-driven oxPPP 
becomes the dominant route for cellular NADPH production dur-
ing oxidative burst even though it may not be the dominant source 
at baseline, which is consistent with the large increase in oxPPP flux 
measured by 13C labelling. This result suggests that neutrophils pref-
erably rely on upregulation of oxPPP, rather than other pathways 
that can also contribute to NADPH production at baseline, to ful-
fil the large and rapid increase in NADPH demand associated with 
oxidative burst. This is probably because, in comparison to other 
pathways, PPP has greater reserve capacity34,48 and the fast-acting 
regulatory mechanism and near-equilibrium upper glycolysis allow 
cells to immediately elicit reserved NADPH-producing capacity 
when NOX activity alters redox ratio.

This study demonstrates that rapid shift to pentose cycle is essen-
tial for powering up oxidative burst and related effector functions in 
activated neutrophils, ultimately allowing them to promptly mount 
a first line of defence against pathogens. Consistently, patients with 
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deficiencies in either the oxPPP enzyme G6PD or the non-OxPPP 
enzyme TALDO are found to be susceptible to recurrent infections 
and sepsis67,68. The reconfiguration of PPP is an impressive example 
of neutrophil metabolic flexibility, but not the only one. We have 
observed other rapid metabolic alterations following each of the 
stimulations (Fig. 1a). Some of these changes, including increase in 
glycolytic intermediates, are largely independent of oxidative burst 
(Fig. 1g). The accumulation in glycolytic intermediates is probably 
caused by the stimulation-induced increase in glucose transporters 
on the cell membrane, which increases glucose uptake rate69,70. This 
would further increase the absolute flux supply of oxPPP (in addi-
tion to the greatly increased relative flux distribution into oxPPP). 
Continued studies on metabolic rewiring in a wide range of path-
ways in neutrophils will reveal the biochemical basis of important 
responses in infection and inflammation, and guide the design of 
metabolic interventions to modulate innate immunity.

Methods
Isolation, culture and stimulation of human peripheral blood neutrophils. 
Human neutrophils were isolated from peripheral blood freshly collected from 
healthy donors, following the protocol approved by the University of Wisconsin 
Institutional Review Board (protocol no. 2019-1031-CP001). Informed consent was 
obtained from all participants. Neutrophils were purified using the MACSxpress 
Whole Blood Neutrophil Isolation Kit (Miltenyi Biotec, no. 130-104-434) followed 
by erythrocyte depletion (Miltenyi Biotec, no. 130-098-196) according to the 
manufacturer’s instructions. Neutrophils were spun down at 300g for 5 min, 
resuspended in RPMI 1640 (VWR, no. VWRL0106-0500) supplemented with 
5 mM L-glutamine (Fisher Scientific, no. BP379-100) and 0.1% Human Serum 
Albumin (Lee Biosolutions, no. 101-15) and kept at 37oC in incubators under 
5% CO2. Purity of isolated cells was verified by flow cytometry using antibodies 
against neutrophil surface markers CD11b (PE) (Biolegend, no. 301305) and 
CD15 (AlexaFluor700) (Biolegend, no. 301919), and cell viability was checked 
using Ghost Dye 450 (Tonbo Biosciences, no. 13-0863). Data were analysed with 
FlowJo software. Typically, isolated cells are >90% CD11b+ CD15+ and >95% viable 
(Supplementary Fig. 2a,b). All experiments were performed within 5 h of blood 
collection and isolation.

For stimulation, between 1.5 and 3 million neutrophils were aliquoted into 
1.5-ml Eppendorf tubes or plated on Cell-Tak-coated plates. Stimulation by 
PMA (Cayman Chemical, no. 10008014) was provided to cell suspensions at the 
indicated concentrations in each experiment. P. aeruginosa (PAK strain) were 
cultured overnight, subcultured until midexponential phase then opsonized 
in human serum (Sigma-Aldrich, no. H4522) for 30 min. Opsonized PsA was 
spun down at 10,000g for 1 min, washed and resuspended in PBS then added to 
neutrophil suspension at 10:1 bacterial/neutrophil cells. Zymosan A was opsonized 
by incubation with human serum (Sigma-Aldrich, no. H4522) at 37 °C for 
30 min, washed twice and resuspended in PBS then added to neutrophils plated 
on Cell-Tak-coated plates at the indicated concentration for stimulation. Either 
TNF-α (R&D systems, no. 210-TA-020) or fMLP (Cayman Chemical, no. 59880-
97-6) was dissolved in PBS to make a stock solution and added to neutrophils 
on Cell-Tak-coated plates for stimulation. In experiments involving inhibitors, 
either DPI (Sigma-Aldrich, no. D2926), G6PDi39 (obtained from the Rabinowitz 
laboratory at Princeton University) or 6-AN (Cayman Chemical, no. 329-89-5) was 
added concurrently with stimulation at the indicated concentrations.

Assay for oxidative burst. Oxidative burst was measured by stimulation-induced 
oxygen consumption rate (OCR) using a XF-96e extracellular flux analyser 
(Agilent) following a protocol developed by Seahorse71. To attach neutrophils at the 
bottom of assay plates (Seahorse Bioscience), neutrophils were plated in culture 
wells precoated with Cell-Tak (Corning, no. 354240) at 4 × 104 cells per well, 
spun at 200g for 1 min with minimal acceleration/deceleration then incubated for 
1 h at 37 °C. Assays were performed in regular neutrophil culture media (RPMI 
1640 medium supplemented with 0.1% human serum albumin). Inhibitors DPI, 
G6PDi, 6-AN or vehicle control were added just before starting the assay. After 
several baseline OCR measurements, biochemical stimulant was injected through 
the injection ports to induce oxidative burst, and the OCR was continuously 
monitored throughout the course of oxidative burst. To measure oxidative burst 
induced by PsA, opsonized bacteria were added directly to the plate because they 
could not be consistently injected via the ports, and OCR was measured after 
30 min of coincubation. To adjust for oxygen consumption by bacteria, OCR 
was also measured in parallel wells containing only PsA (same number) but no 
neutrophils, and this value was then subtracted from coincubation measurements.

NET release assay. NET release was quantified by increase in extracellular 
DNA over time following a previously developed protocol72. Briefly, neutrophils 
were plated in at 4 × 104 cells per well in a 96-well tissue culture plate precoated 

with Cell-Tak (Corning, no. 354240) and spun at 200g for 1 min with minimal 
acceleration/deceleration. Cytotox Green Reagent (IncuCyte, no. 4633) was  
added to culture media at 1:4,000 to stain extracellular DNA, and images were 
captured every 10–30 min after stimulation using an IncuCyte live cell imager 
under standard culture conditions (37 °C, 5% CO2). Representative images are 
shown in Supplementary Fig. 1. The fluorescent area outside of cells, which 
indicates NET, was quantified by image analysis using IncuCyte S3 Basic  
Analysis software.

Metabolomics and isotopic tracing. To extract intracellular metabolites, culture 
medium was removed and neutrophils were immediately washed with PBS. 
Each 2 million pelleted neutrophils were extracted with 150 µl of cold liquid 
chromatography–mass spectrometry (LC–MS)-grade acetonitrile/methanol/
water (40:40:20 v:v:v), and samples were spun at 20,627g for 5 min at 4 C to 
remove any insoluble debris. Soluble metabolite samples were analysed with a 
Thermo Q-Exactive mass spectrometer coupled to a Vanquish Horizon Ultra-High 
Performance Liquid Chromatograph, using the following two analytical methods. 
(1) Samples in extraction solvent were directly loaded on to LC–MS, then 
separated on a 2.1 × 150mm Xbridge BEH Amide (2.5 μm) Column (Waters) using 
a gradient of solvent A (95% H2O, 5% ACN, 20 mM NH4AC, 20 mM NH4OH) and 
solvent B (20% H2O, 80% ACN, 20 mM NH4AC, 20 mM NH4OH). The gradient 
used was 0 min, 100% B; 3 min, 100% B; 3.2 min, 90% B; 6.2 min, 90% B; 6.5 min, 
80% B; 10.5 min, 80% B; 10.7 min, 70% B; 13.5 min, 70% B; 13.7 min, 45% B; 
16 min, 45% B; 16.5 min, 100% B; 22 min, 100% B. The flow rate was 0.3 ml min–1 
and column temperature 30 °C. Analytes were measure by MS using full scan. (2) 
Samples were dried under N2 flow and resuspended in LC–MS-grade water as 
loading solvent. Metabolites were separated on a 2.1 × 100mm, 1.7 µM Acquity 
UPLC BEH C18 Column (Waters) with a gradient of solvent A (97:3 H2O/
methanol, 10 mM TBA, 9 mM acetate, pH 8.2) and solvent B (100% methanol). The 
gradient was: 0 min, 5% B; 2.5 min, 5% B; 17 min, 95% B; 21 min, 95% B; 21.5 min, 
5% B. Flow rate was 0.2 ml min–1. Data were collected with full scan. Identification 
of metabolites reported here was based on exact m/z and retention time that 
were determined with chemical standards. Data were collected with Xcalibur 4.0 
software and analysed with Maven.

To determine the molar ratio of [F6P]/[G6P], the concentrations of F6P and 
G6P were quantified using an external calibration curve generated with G6P and 
F6P standards.

For all experiments involving stable isotope tracers, including 1-13C-glucose, 
1,2-13C-glucose, U-13C-glucose and 3-2H-glucose (all from Cambridge Isotope), 
isotopically labelled glucose was substituted for unlabelled glucose at the same 
concentration in RPMI culture medium. Natural 13C abundance was corrected 
from raw data.

Metabolic flux analysis. Metabolic flux analysis was performed using the 
INCA software suite46, which is implemented in MATLAB to simulate isotopic 
distribution using an elementary metabolite unit framework73. This estimates 
intracellular fluxes by solving a non-linear least-squares regression problem that 
minimizes the variance-weighted sum of squared residuals between simulated and 
measured isotopic distributions of intracellular metabolites, under the assumption 
of pseudo-steady state (verified in Extended Data Fig. 3). The network model 
includes all reactions in glycolysis and PPP, as specified in Supplementary Table 
1. Reactions in glycolysis and non-OxPPP are allowed to be reversible. Reversible 
reactions were modelled as a forward-and-backward reaction. Net fluxes equal 
forward flux minus backward flux, and exchange flux equals the smaller flux 
between forward and backward fluxes. Carbon sinks include both lactate and CO2. 
The inclusion of carbon sinks in the model is based on U-13C-glucose labelling 
results, with the rationale that a considerable carbon sink for glucose metabolism 
would label from U-13C-glucose. Other possible carbon sinks, such as serine and 
glycine, are not included in the model because they label no more than 3% from 
U-13C-glucose within the experimental time frame. Potential low carbon sinking 
rates from these compounds may have a limited impact on flux analysis results. 
Glucose influx into the system is fixed at 100, because this analysis is intended 
to reveal relative metabolic flux distribution relative to total glucose uptake rate. 
The model also allows input from glycogen (via G1P) based on the biochemical 
knowledge that neutrophils can use glycogen. All fluxes, except glucose uptake, are 
completely unconstrained. Labelling data from 1,2-13C-glucose tracer experiments, 
corrected for naturally occurring heavy isotopes, were entered into the model. Data 
on neutrophils from each donor used in the analysis are listed in Supplementary 
Table 1. Hexose-phosphate labelling results were not used for fitting in the 
flux analysis because various hexose-phosphates are not fully resolved on 
chromatography, and thus measured labelling may be affected by some interference 
from other hexose-phosphate compounds. The error of input data was set to 2% 
to reflect the typical technical variation of such LC–MS measurements. Variation 
from biological sources (that is, donor to donor) can be seen from comparing 
the fitting results from each donor (Fig. 3d and Extended Data Fig. 3d). Random 
initial guess for flux estimation was applied and was reinitialized. Using the 
optimal fitting solution, we calculated 95% confidence intervals for all estimated 
fluxes by performing parameter continuation analysis. Fitting parameters used in 
INCA are listed in Supplementary Table 1. Fitting results, including flux results 
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for each donor with upper and lower bound and goodness of fit, are compiled in 
Supplementary Table 2.

Culture and genetic KO of HL-60 cells. To generate genetic KO we used HL-60 
(ATCC CCL-240) cell lines. HL-60 cells were cultured in RPMI with 5 mM 
glutamine, 25 mM HEPES, 15% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. To differentiate HL-60 to a neutrophil-like state, cells were transferred 
to differentiation medium (RPMI with 1.3% DMSO, 5 mM glutamine, 25 mM 
HEPES, 9% FBS and 1% penicillin/streptomycin) for 6 days, with medium change 
on day 3. After 6 days, differentiated neutrophil-like cells were verified by flow 
cytometry (Supplementary Fig. 2c,d) using antibody against surface marker CD11B 
(BioLegend, no. 3013045), and were used in experiments in culture media without 
DMSO. HL-60 cell lines with TKT and TALDO1 KO were created using the Alt-R 
RNP system consisting of Alt-R CRISPR–Cas9 transactivating CRISPR RNA, 
ATTO 550 (5 nmol; IDT, no. 1075927) and Alt-R S.p. HiFi Cas9 Nuclease V3 (100 µg; 
IDT, no. 1081060), following the manufacturer’s instructions. The following CRISPR 
RNA sequence was used: TKT, (GACCGGGTGCCCGTCCAAGT), TALDO1 
(ACCACCGTGGTGGCCGACAC). After transfection of the RNP complex into cells 
by electroporation using the Amaxa Nucleofector system Kit V (Lonza, no. VCA-
1003), fluorescent cells were sorted into signal cells and expanded in IMDM with 20% 
FBS. To validate KO in viable single colonies, genomic DNA was extracted using the 
QIAamp DNA Mini Kit (Qiagen, no. 51304) and a region around the CRISPR cut site 
target was amplified using the following primers containing M13 tags for sequencing. 
TKT: forward (TGTAAAACGACGGCCAGTTTCTCAGTGGGCACCCCCTAC), 
reverse (CAGGAAACAGCTATGACCCACAAACCAGGGATTAGGGCAGC); 
TALDO1: forward (TGTAAAACGACGGCCAGTTCGTGCAGGTGTTTTCCCG), 
reverse (CAGGAAACAGCTATGACCGCTCATTCCTCCCGGAACGA). TKT 
KO was verified by Sanger sequencing (Genewiz) of the PCR product after column 
purification (Thermo Scientific, no. K0701). The sequencing results, shown in 
Supplementary Table 3, indicated specific mutations. TALDO1 KO was indicated 
by both the specific absence of TADLO1 DNA amplification and quantitative 
real-time PCR (qPCR) showing lack of expression of TADLO1 (Supplementary 
Fig. 3). For real-time PCR, RNA was extracted using RNAStat60 (Tel-Test) and 
treated with RQ1 DNAse (Promega, no. M6101). Complementary DNA was 
synthesized from DNAse-treated RNA samples (1–2 μg) using SuperScript III 
(ThermoFisher, no. 12574026), following the manufacturer’s instructions. 
Quantitative PCR was performed using KAPA SYBR FAST qPCR MasterMix 
on a Roche LightCycler 480. Relative gene expression level was normalized to 
the housekeeping gene β2-Microglobulin. The following primers (IDT) were 
used: TALDO1 Fwd 5'-CTCACCCGTGAAGCGTCAG-3'; TALDO1 Rev 
5'-GTTGGTGGTAGCATCCTGGG-3'. KO cells are cultured and differentiated  
as for WT.

Immunoblotting. Approximately 4 million cells were harvested with RIPA lysis 
buffer with phosphatase inhibitor (Thermo Scientific, no. A32957) and HALT 
protease inhibitor (Thermo Scientific, no. 78425). Proteins of interest were probed 
with the following antibodies in TBS-T buffer with 5% BSA. Primary antibodies: 
G6PD (abcam, no. ab993), TIGAR (abcam, no. ab37910), Beta-actin (Cell 
Signaling, no. 3700 S); and secondary antibodies: Goat-anti-rabbit 800 (LI-COR, 
no. 925-32211), Goat-anti-mouse 680 (LI-COR, no. 925-68070).

Enzyme activity assay. To determine enzyme activity in cell lysates, approximately 
10 million HL-60 cells were lysed using hypotonic protein assay buffer (25 mM 
Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 5% glycerol, 
phosphatase inhibitor, 3× HALT protease inhibitor). The cell suspension was 
passed through a 25-G needle three times, then centrifuged at 12,000g at 4 °C for 
5 min to clear cellular debris. Total protein concentration was determined by BCA 
assay kit (ThermoFisher, no. J63283-QA).

To measure the maximal NADPH production rate using G6P or F6P as the 
substrate, 20 µl of cell lysate was diluted to a volume of 50 µl with protein assay 
buffer (listed above). Substrates (NADP+ and G6P, or NADP+ and F6P) were added 
to reach a final concentration of 1 mM for each substrate, and NADPH production 
was monitored continuously by absorbance at 340 nm using a plate reader (Epoch) 
over 1 h. The reaction mix, containing cell lysate and 1 mM NADP+ but no 
substrate G6P or F6P, was monitored in parallel as a blank control. At the end of 
experiment, the reaction mix was quenched by methanol and the products were 
confirmed by LC–MS analysis. Reaction rates were determined by linear regression 
of NADPH production (after subtraction of the blank). Slopes were normalized to 
total protein concentration.

To assess the activity of PFK and aldolase in cell lysates, we measured the 
production of fructose-1,6-bisphosphate and dihydroxyacetone phosphate 
from F6P. The reaction was started by mixing cell lysate and substrates (final 
concentration of 1 mM F6P and 1 mM ATP) in assay buffer. Reactions were 
quenched at 1, 2, 3 and 4 h using a 4× volume of methanol. The products were 
quantified by LC–MS using chemical standards as external calibration. Reaction 
mix with cell lysate and 1 mM ATP, but no F6P, was monitored as blank control. 
Reaction rates were determined by linear regression of product formation 
(after subtraction of the blank), and were normalized to cell lysate protein 
concentrations.

Measurement of oxidative stress in PsA coincubated with neutrophils. To assess 
oxidative stress in bacteria phagocytized by neutrophils, we measured reduced 
to oxidized glutathione ratio in PsA coincubated with neutrophils following 
a previously described method55. Briefly, PsA culture was grown overnight in 
minimal medium with U-13C-glucose as the sole carbon source, then subcultured 
in labelled medium to midexponential growth phase to fully label bacterial 
metabolites. Prelabeled PsA was first opsonized, then coincubated with freshly 
isolated human peripheral blood neutrophils in neutrophil medium (RPMI with 
HSA) containing U-13C-glucose for 30 min. Neutrophils were then pelleted by 
centrifugation at 500g for 3 min and extracellular bacteria were removed. The 
neutrophil pellet was then washed with PBS and metabolites from neutrophils and 
intracellular bacteria were extracted. Heavy labelled GSH and GSSG were derived 
from phagocytized bacteria, whereas GSH and GSSG from neutrophils remained 
unlabelled because neutrophils did not synthesize considerable amounts of new 
glutathione from U-13C-glucose within 30 min (verified by neutrophil-only control 
cultured in U-13C-glucose RPMI medium for 30 min). The bacterial (labelled) 
GSH/GSSG ratio was determined by LC–MS.

Pathogen-killing assay. Pathogen-killing ability was assessed by mixing serum 
opsonized PsA with human peripheral blood neutrophils or differentiated HL-60 
cells at a 10:1 ratio and incubation at 37 °C for 15 min. Neutrophils were pelleted 
by spinning at 500g for 3 min. The pellet was washed with PBS then lysed with 1% 
saponin + 100 µg ml–1 DNase at 37 °C for 10 min. The bacteria were pelleted with 
spinning for 1 min at 8,000g, resuspended in PBS and plated on lysogeny broth agar 
plates to determine CFU.

Survival analysis of zebrafish larvae challenged with A. nidulans. The 
experiments with zebrafish (Danio rerio, strain AB) were approved by the 
University of Wisconsin-Madison College of Agricultural and Life Sciences Animal 
Care and Use Committee (protocol no. M005405-R02). This protocol adheres to 
the federal Health Research Extension Act and the Public Health Service Policy 
on the Humane Care and Use of Laboratory Animals, overseen by the National 
Institutes of Health Office of Laboratory Animal Welfare. The p22–/–zebrafish used 
in this study contain a mutant p22phox allele (sa11798) and were obtained from the 
Zebrafish International Resource Center. WT larvae (p22+/+) used were siblings to 
p22–/– larvae.

All A. nidulans spore collection and microinjection procedures were 
performed according to previously established protocols56. Specifically, A. 
nidulans (background FGSC-A4, strain TBK100, genotype pyrG::gpdA::rfp; 
pyrG89; veA + ;Δnku::argB) was grown at 37 °C on solid glucose minimal medium 
(GMM) for 3 days. A. nidulans spores were then collected by scraping with an 
L-spreader in 0.01% Tween-water, followed by filtration through Miracloth to 
remove hyphal debris. The spore suspension was centrifuged at 900g for 10 min at 
room temperature. The spore pellet was then resuspended in 50 ml of 1× PBS and 
passed through a vacuum filter with a Buchner filter funnel and a glass disk with 
10–15-μm-diameter pores. The spore suspension was then centrifuged again at 
900g for 10 min at room temperature and the pellet resuspended in 1 ml of 1× PBS. 
Spores were counted using a hemacytometer and the concentration adjusted to 
1.5 × 108 spores ml–1, and were then stored at 4°C for up to 1 month.

For microinjection, 2-day-post-fertilization larvae (p22–/– or p22+/+) were 
anesthetized with 0.2 mg ml–1 Tricaine (Sigma), and 3 nl of A. nidulans spore 
inoculum was injected into the hindbrain ventricle via the otic vesicle using a 
capillary needle attached to a Picospritzer microinjector. The spore inoculum was 
mixed in a 2:1 ratio with 1% phenol red to visualize inoculum in the hindbrain. 
Following injection (~20 larvae per condition), larvae were rinsed with E3 without 
methylene blue (E3-MB) to remove Tricaine and larvae were transferred to 35-mm 
Petri dishes. Larvae were treated by the addition to the dish of 4 ml of either 
1 mM 6-AN or 1% DMSO control in E3-MB. Larvae were then transferred to 
individual wells of a 96-well plate and survival was monitored daily up to 4 days 
after infection. Larval medium with fresh 6-AN or DMSO solution was exchanged 
each day. To determine the average number of spores injected, eight larvae from 
each condition (p22–/– or p22+/+) were collected immediately following injection, 
homogenized and plated on solid GMM. Plates were incubated for 3 days at 37 °C 
and CFU counted. Average spore doses were 47 (p22–/–) and 52 (p22+/+).

MSU peritonitis model. This study was approved by the Boston Children’s 
Hospital Institutional Animal Care and Use Committee (protocol no. 00001290). 
Eight-week-old C57/BL6 female mice (Jackson Laboratories) were given 0.5 mg 
of synthesized MSU crystal57 in 200 µl of PBS intraperitoneally and analysed 
after 24 h. Neutrophils from peritoneal lavage and bone marrow were isolated 
by negative selection using the EasySep Neutrophil Isolation Kit (Stem Cell 
Technologies), according to the manufacturer’s instructions. Isolated neutrophils 
(2 × 106 per sample) were quenched with ice-cold 80% methanol in preparation for 
metabolomic studies.

Metabolic analysis in macrophages. Bone marrow-derived macrophages 
(BMDMs) isolated from WT C57Bl/6 J mice or NOS2–/– mice (Jackson Laboratory) 
were used for macrophage experiments. Mice were bred and maintained according 
to protocols approved by the University of Wisconsin-Madison Institutional 
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Animal Care and Use Committee. Bone marrow cells were harvested from femora 
and tibia of male and female 6–10-week-old mice. Cells were differentiated in 
RPMI 1640 containing 25 mM HEPES, 1% penicillin/ streptomycin, 10% FBS and 
20% L929 conditioned media. Three days after isolation, media were changed 
every day subsequently up to day 7 after isolation. Cells were then plated for 
experiments at 5 × 105 per well in six-well plates in RPMI 1640 containing 25 mM 
HEPES, 1% penicillin/streptomycin, 10% dialyzed FBS and 20 ng ml–1 macrophage 
colony-stimulating factor (R&D Systems). To stimulate BMDMs, cells were 
incubated with 50 ng ml–1 LPS (E. coli O111:B4, Sigma) and 30 ng ml–1 IFN-γ (R&D 
Systems). To avoid nutrient depletion and maintain LPS and IFN-γ, media were 
refreshed daily with LPS and IFN-γ in the media throughout.

Statistics and reproducibility. Statistical analyses were conducted using GraphPad 
software, with each statistical test listed in the figure legends. The majority of 
experiments were conducted at least twice to ensure reproducibility, as detailed in 
figure legends and Extended Data figure legends. Experimental sample sizes used 
are noted in the figure legends. No statistical method was used to predetermine 
sample size. In some cases, sample sizes in the same figure across conditions were 
different mainly due to variation in neutrophil yield from isolation with each 
blood draw, which can be limited to cover all experimental conditions. Also, due to 
limited quantity of samples, in a few cases the measurement of certain compounds 
had only one technical replicate instead of two (as indicated in Source data) 
because there were insufficient samples to inject twice in both LC–MS methods 
covering the measurement of all compounds. In most experiments no technically 
successful measurements were excluded from analyses, with two exceptions: in Fig. 
1f one outlier was removed based on the Grubbs test, and in Fig. 6a one outlier in 
the graph for 6PG was removed based on the Grubbs test (α = 0.05). Samples are 
randomly assigned to experimental conditions. The investigators were not blinded 
to the experiment.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available in source data files 
linked to each figure.

Code availability
No custom code was used in this paper. LC–MS data analysis and metabolic flux 
analysis were performed using published software, as indicated in Methods.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | oxidative burst relies on oxidative PPP, and the rewiring of PPP is coupled to the oxidative burst (related to Fig. 1). a. The 
oxidative burst induced by PMA (100 nM) is inhibited by varying concentrations of 6-AN or G6PDi. (Mean ± SD, N = 6 technical replicates). b Relative 
levels of PPP intermediates 6PG, ribulose-5-phosphate, S7P, and glycolytic intermediates: FBP, DHAP, and lactate 30 minutes after 100 nM PMA 
stimulation, with or without the treatment of G6PDi (50 µM) or DPI (10 µM). Measurements were made in neutrophils isolated from 5 donors, as 
indicated by color codes. (Neutrophil yield from every donor was not always high enough to cover all three conditions, so N = 5 PMA, N = 4 PMA + DPI, 
N = 3 PMA + G6PDi). Relative level is normalized to neutrophils stimulated with 100 nM PMA without inhibitor from the same donor. Bar graph indicates 
mean value of two technical replicates, as indicated by dots. Statistical significance was determined by paired, two-tailed t-test across biological replicates 
(mean values of technical replicates per donor), with p-values indicated in the figure c. Dose-dependent changes in the levels of PPP intermediates in 
human peripheral blood neutrophils stimulated with various doses of zymosan with or without DPI (10 µM). Bar graphs show mean value of technical 
duplicates indicated by dots. d. Oxidative burst induced by various doses of zymosan A, Mean ± SD, N = 6 technical replicates.
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Extended Data Fig. 2 | Labeling patterns of ribose-5-phosphate (a) and fructose-6-phosphate (b) from 1-13C-glucose (related to Fig. 2). Labeling 
patterns were measured in neutrophils stimulated with PMA (100 nM) for 30 min, with or without the treatment of NOX inhibitor DPI (10 µM). Bar graphs 
show the mean value from two technical replicates (indicated by dots). Results have been confirmed in three independent experiments. Labeling patterns 
of selected other metabolites are shown in Fig. 2. *F6P peak may contain some glucose-1-phosphate, as these two compounds are not fully resolved  
on LCMS.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | 1,2-13C glucose tracing and metabolic flux analysis indicate neutrophils switch to pentose cycle during oxidative burst induced 
by PMA (related to Fig. 3). a. Labeling pattern of selected PPP and glycolytic intermediates from 1,2-13C glucose in neutrophils stimulated with PMA 
(100 nM) for 30 min, with or without the treatment of DPI (10 µM). Mean ± SD, N = 3 biological replicates. Dots indicate results measured in neutrophils 
from each individual donor. *F6P peak may contain some glucose-1-phosphate, as these two compounds are not fully resolved on LCMS. b,c. Glycolysis 
and PPP reach pseudo-steady state at the peak of oxidative burst (~30 min post stimulation), as indicated by steady metabolite abundances (b) and 
labeling patterns (c) 25, 30, 35 min post- PMA stimulation. Bar graph show mean value of technical replicates when applicable. Trends have been repeated 
in two independent experiments. d. Relative net flux of key reactions determined in neutrophils isolated from different donors (indicated by different 
colors). Hatched bars are the fluxes in absence of oxidative burst (30 min after stimulation with 100 nM PMA, with 10 μM DPI treatment) and solid bars 
are the fluxes during oxidative burst (30 min after stimulation with 100 nM PMA). Error bars indicate the confidence intervals from each flux analysis.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Metabolic shift towards pentose cycle during oxidative burst (related to Fig. 3). a. Zymosan-induced oxidative burst depends 
on non-oxidative PPP activity. The oxygen consumption rate at the peak of zymosan-induced burst (30 min post-stimulation, upper panel), and the area 
under curve over 1 h of oxidative burst after zymosan stimulation (lower panel) in wild-type, TKT knockout and TALDO1 knockout HL-60 cells. Mean ± 
SD, N = 6 independent samples. P-values are determined by two-sided, unpaired t-test. b. Average labeling enrichment in lower glycolytic products (for 
example pyruvate and lactate) from 1,2-13C-glucose indicates the general flux distribution of glycolysis and PPP. Metabolite labeling from 1,2-13C-glucose 
under 3 extreme metabolic modes was laid out here: (i) Full glycolysis: When 100% of the glucose is metabolized via glycolysis with no oxidative PPP 
activity; (ii) Full non-cyclic oxidative PPP: oxidative PPP flux is 100% of glucose uptake rate, one labelled carbon per glucose molecule is released as CO2. 
There is no conversion between G6P and F6P. (iii) Full pentose cycle: All G6P is metabolized via the oxidative PPP. Additionally, all F6P produced from 
the non-oxidative PPP is recycled back to G6P via reversed GPI activity. c. Labeling patterns of key PPP and glycolytic intermediates from 1,2-13C- glucose 
during oxidative burst induced by various stimuli, compared to corresponding no oxidative burst conditions (stimulated with the same stimulus, treated 
with 10 µM DPI). To induce oxidative burst, human peripheral blood neutrophils were stimulated with Zymosan A (300 μg/mL), TNFα (100 ng/mL) or 
Pseudomonas aeruginosa (10:1 PsA:neutrophil) for 30 min. Plot show mean ± SD from biological replicates. Individual dots represent results in neutrophils 
from different donors N = 4 (Zymosan, TNFα) N = 3 (PsA).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | regulatory mechanisms for the rapid shift towards pentose cycle (related to Fig. 4). a. Lactate labeling from 1,2-13C glucose 
after 30 minutes stimulation with various doses of PMA, with or without NOX inhibitor DPI (10 µM). Due to limited neutrophil yield from each blood 
draw, the entire span of dose-response curve was covered from two different donors (indicated by color code), with several overlapping conditions to 
ensure the trend and main observations are consistent across donors. Bar graphs present the mean value of technical duplicates. b. G6PD protein level 
in unstimulated, PMA (100 nM, 30 min)-stimulated, and PMA (100 nM) + DPI (10 μM) treated HL-60 cells. Results confirmed in two independent 
experiments (see source data). c. Relative NADPH producing rate measured in cell lysates of unstimulated and PMA (100 nM)- stimulated HL-60 
cells, when cells were given G6P or F6P as substrate. Relative rate is normalized to the NADPH production in unstimulated cell lysate with G6P as 
substrate. Results have been repeated in two independent experiments. d. Relative redox ratio of NADPH/NADP+ is depleted during oxidative burst 
induced by various stimuli. NADPH and NADP+ were measured in human blood neutrophils stimulated with fMLP (100 nM) for 10 min, or Zymosan A 
(300 μg/mL), TNFα (100 ng/mL), or Pseudomonas aeruginosa (10:1 PsA:neutrophil) for 30 min. Nd. Indicates NADPH was not detectable. e. Treatment 
of electron accepter Phenazine Methosulfate (PMS) (10 μM) causes accumulation of PPP intermediates, increase in NADP + , and depletion of NADPH 
in neutrophils that do not engage in oxidative burst. These changes were seen either in unstimulated human neutrophils or PMA (100 nM)-stimulated 
neutrophils treated with 10 μM DPI to eliminate oxidative burst. f. PFK and aldolase enzyme activity measured in cell lysates of unstimulated- and PMA 
(100 nM) stimulated- HL-60 cells. Lysates were given substrates F6P and ATP, and the production rate of FBP and DHAP were measured and normalized 
to unstimulated condition. c-f. Bar graph present mean value of N = 2 technical replicates (indicated by dots) g. The level of TIGAR in HL-60 cells that 
are unstimulated, stimulated with 100 nM PMA for 30 min, or stimulated with 100 nM PMA and treated with DPI. Results have been confirmed in two 
independent experiments (see source data).
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Extended Data Fig. 6 | Majority of NADPH is generated from PPP during oxidative burst. Active hydride labeling of NADPH from 3-2H-glucose in 
unstimulated human peripheral blood neutrophils and neutrophils simulated by 100 nM PMA for 30 min. Labeling fraction at the active hydride was 
calculated by comparing the measured isotopic labeling pattern of NADPH to NADP+. Bar graph present mean value of N = 2 technical replicates 
(indicated by dots). Results have been confirmed in two independent experiments with neutrophils from two different donors, as indicated in the figure.
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